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SUMMARY 
Coates et al. (1985) have shown that the association reaction 
of actin with myosin subfragment 1 (Si) consists of at least two 
steps following the formation of a collision complex; 
K0 K1 K2 
A+ M r--ý AM e-ý A-M c--ý AM 
The influence of monovalent anions, ionic strength, organic 
solvents, nucleotide and temperature on this reaction is examined 
by various kinetic techniques (stopped flaw, pressure junp and 
slaw temperature jump). 
Increases in ionic strength above O. 1M, the presence of 
ethylene glycol or dimethylsulphoxide or the addition of 
nucleotide reduce K2. In contrast, KoKl is relatively unaffected 
by these treatments. However, specific monovalent anions above 
O. 1M do reduce K0 Kl by increasing k_1. The differential effect of 
these parameters to stabilize actomyosin intermediates for 
structural analysis is discussed. 
Geeves & Ranatunga (1990) have demonstrated that high 
pressure augments twitch tension in intact muscle fibres. Studies 
of troponin C in solution by pressure jump method show that the 
binding to calcium is not affected by 100atm pressure. This 
suggests, assuming that the effect of pressure is no different to 
that in fibres, that muscle is "switched on" to a larger extent 
per stimulus at high pressure by either increased release of 
calcium fron the sarcoplasmic reticulum or by a change in the 
inhibitory function of the regulatory proteins. 
The rate binding properties of fluorescent labelled TnC to 
calcium are investigated by pressure jump and fast temperature 
jwd methods. 
Fier meine kleine Maus, 
Sousan 
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ABBREVIATIONS 
The abbreviations in this thesis are in accordance with the 
guide to authors for submission to the Biochemical Journal with 
the following additions: 
A F-actin 
ADP Adenosine 5'diphosphate 
Ap5A pl, p5, diadenosine 5'pentaphosphate 
atm atmosphere 
ATP Adenosine 5'triphosphate 






EDTA Ethylenediaminetetra-acetic acid 
ETA Ethyleneglycol-bis-(ý aminoethyl ether) N, N, N', N'- 
tetra acetic acid 
EHT Extra high tension 
EPR Electron paramagnetic resonance 
F-actin Filamentous actin 
FPLC Fast protein liquid chranatography 
FRET Fluorescence resonance energy transfer 
G-actin Globular actin 
HMM Heavy meranyosin 






Pyr-actin Pyrene labelled actin at CYS 374 
Pi Inorganic phosphate 
Si Myosin subfragment 1 
S2 Myosin subfragment 2 
SDS-page Sodium dodecyl sulphate, polyacryamide gel 
electrophoresis 
fr Relaxation time 
Tn/2]n Troponin and tropcmyosin complex 
f2n Tropcznyosin 
Tn Troponin 
TnC Troponin C 
TnI Troponin I 
TnT Troponin T 
This This [hydrexymethyl] aaninanethane 
The nth step of a reaction k+n is the forward rate constant, 
k_n is the reverse rate constant and n= k+n /k -n 
is the 
equilibrium constant. Stopped flow experiment concentrations are 
referred to as reaction chamber concentrations. For pressure jump 
studies equilibrium constants are quoted at atmospheric pressure. 
Bars denote equilibrium free protein concentration. 
CHAPTER 1 IN'I CMCTIcN 
Inherent movement is the prime sign in life. For this and 
many other reasons, man has shown a perpetual curiosity about the 
organs of locomotion in his own body and in those of other 
creatures since the times of Greek anatanists. Indeed, some of 
the earliest scientific experiments known, concerned muscle and 
its functions. Although a large number of different techniques 
have been employed, the problem of energy transduction from 
chemical reaction into mechanical work is still not fully 
understood today. 
Muscle is a highly efficient and versatile energy-converting 
device, with remarkable engineering and performance 
characteristics. The conversion of the chemical energy of ATP 
into the mechanical energy required to bring about contraction, 
translocation and propulsion, is still one of the most 
challenging problems in modern biochemistry. 
The study of muscular contraction has encompassed many 
different scientific disciplines. Biochemists, physiologists, 
biophysicists, electron-microscopists have all been involved in 
the investigation of muscle contraction. Most of the recent 
advances in muscle research have derived from correlation of 
these disciplines, with the main approaches being structural, 
mechanical and biochemical. 
The work presented in this thesis is concerned with the 
biochemical events of protein-protein interaction in muscle. 
Current theories in this field and the contribution to other 
disciplines will be discussed in this introduction. 
1 
Muscle types 
Movement is one of the essential properties of a' living 
organism and is made by cellular contractility. In a unicellular 
organism, movement is one of several functions of the single 
cell, but in coelenterates it becomes a specialised function of 
certain surface epithelial cells. When examining more complex 
animals, specialised muscle cells can be found, which contract 
to produce coordinated movements under the control of some type 
of nervous organization. In vertebrates muscle, cells are further 
specialised and three distinctive types of muscle may be 
recognised: smooth muscle, which is regulated involuntarily and 
shows little well-defined structure; cardiac muscle, which is 
regulated spontaneously and functions continuously throughout 
life and skeletal muscle, which is under voluntary control and 
forms a major part of the body mass. 
The morphology and function of skeletal muscle is much better 
understood than our corresponding knowledge of smooth and of 
cardiac muscle. While the )mown differences between these three 
fundamental muscle types can not be ignored, much of the 
information on the anatomical structure, on the physiology of 
contraction and on the biochemistry of action of muscle proves 
relevant to all three forms of muscle. 
This thesis is concerned solely with rabbit skeletal muscle, 
although biochemical studies have been performed on other 
skeletal muscles fron frogs, chickens, fish and insects. 
2 
Muscle structure 
The substructure of striated muscle, explored by light 
microscope, is shown schematically in fig. 1.1. Muscle fibres are 
ccmposed of longitudinal fibrils, approx 1-2urn in diameter, with 
alternating dark and light bands. The dense bands are 
birefringent and are called the A (anisotropic) bands; the light 
bands are known as I (isotropic) bands. Within the I-band lies 
the dense Z line, about 8Onm thick, which is continuous across 
the width of the fibre, holding the fibrils together and keeping 
the A and I bands of the many fibrils in register. A package of 
myofibrils fron Z line to Z line is a sarcaere. 
CON NIIVTS OF MUSCLE 
The thick filament 
Myosin is one of the principal protein components of the 
contractile system and canprises of approx 50% of the total 
protein in skeletal muscles. It is a relatively large (approx 
500kDa Mwt. ), asymmetric, hexaneric protein containing several 
structural and functional domains (Cooke, 1986). Under denaturing 
conditions myosin dissociates into two heavy chains of approac 
230kDa Mwt. and four light chains of 16-2OkDa Mwt. (Harrington & 
Rodgers, 1984). A diagrammatic representation of the myosin 
structure is shown in fig. 1.2a. 
At physiological salt concentrations myosin aggregates to 
form bipolar thick filaments, which are insoluble below 0.3M 
ionic strength (Margossian & Lowey, 1982). The molecule contains 
3 
Figure 1.1 The micro-anatany of vertebrate skeletal 




















Figure 1.2 Myosin and its subfracrnents 
A. Schematic diagram of the myosin molecule. Proteolytic enzymes 
attack where shown. The inset indicates the coiled-coil structure 
of the tail (fran Bagshaw, 1982). 
B. A model for the topography of the dcrnains in the myosin head 
(fran Vibert & Cohen, 1988). 
C. Shape and packing of skeletal S1 molecules within a crystal. 
The density map is reconstructed by canputer filtering and 
averaging of micrographs of embedded and sectioned material (fran 



































three main regions, which are sensitive to proteolysis. 
Chymotzyptic digestion in the presence of divalent metal ions 
results in the cleavage of the tail region or "light mercmyosin" 
(I1 A) and "heavy mercmyosin" (HIM). I MM is 86ran long and 
insoluble at physiological ionic strength while the soluble }M4 
consists of the "S2" region which is 6Onm long and the "Si" head 
region (Stewart & Edwards, 1984). The junction between the "S2" 
region and the globular "Si" head region is susceptible to 
proteolysis in the absence of divalent metal ions. 
I1VI consists of two heavy chains in a coiled-coil c-helical 
structure, which is highly repetitive (Barn et al., 1983). The 
hydrophobic residues on the inside of the helix form the 
interface between the two strands of the coiled-coil. The amino 
acid sequence of this portion has provided at least a partial 
explanation of the forces that hold the core of the thick 
filament together (McLachlan, 1984). 
The "S2" section is thought to contain the flexible region, 
which links the "Si" with the rigid tail region. The sequence of 
the rod basically favours the strong a, -helical secondary 
structure, however, weaker parts have been found at the junction 
between 1144 and "S2". This region is susceptible to proteolysis 
and thought to be essential for the functioning of the protein, 
allowing the head group to interact cyclically with the actin 
filament (Applegate & Reisler, 1984). 
The "Si" head region can be cleaved into three segments with 
molecular weights of 50,25 and 20kDa, respectively (Balint et 
al., 1978). The N-terminal 25kDa fragment binds nucleotide and 
4 
has sequence hanology with other nucleotide binding proteins. The 
50kDa and 20kDa segments can be cross-linked to actin (Hornet et 
al., 1981a; b; Sutoh, 1983; Vibert & Cohen, 1988). The 20kDa 
region extends to the "swivel", an area, which connects the head 
with the rod and which binds both of the light chains. The region 
contains two highly reactive sulphydryls, SH-1 and SH-2 (fig. 
1.2b). 
Each "Si" head contains two classes of light chains; the P- 
light chain, which can be phosphorylated and the alkali A-light 
chain, which exists in two different forms referred to as Al and 
A2. The P-light chain is involved in the regulation of 
contraction (Adelstein & Eisenberg, 1980). In smooth and sane 
non-muscle cells this is achieved via phosphorylation of this 
chain, and in skeletal and cardiac muscle, the contraction is 
modulated by the phosphorylation. The A-light chain was first 
thought to be essential for the myosin ATPase activity, however, 
now it is known, myosin devoid of both light chains retains an 
actin activated ATPase activity similar to intact myosin. The two 
isoforms of A-light chains, Al and A2 have been found in 
skeletal muscles, which confer different ATPase activities 
(Sivaramakrishnam & Burke, 1982; Wagner & Stone, 1983) and actin 
binding on Si at low ionic strength (Prayer et al., 1985). 
Winkelmann et al. (1985) have crystalized Si and determined 
the overall length of the molecule to be 16nm. Electron 
micrographs of the crystals have indicated two domains, one of 
higher and one of lower density. The higher density region has a 
prominent mass at one end with dimensions of 6x 4nm. The region 
of lower density forms a curved neck region and extents fran one 
5 
end of the mass. This mass probably canprises of 20kDa portion of 
the heavy chain and the two light chains (Baker & Winkelmann, 
1986) (fig. 1.2c). 
OT c P(XgENTS OF THE THICK FIRNT 
Although myosin is the main ccxnponent of the thick filament 
of vertebrate striated muscle, it is not the only one. In 
electron micrographs of A bands a set of 11 stripes, 43nm apart, 
may be seen in each half of the A band, occupying a region 0.25- 
0.5Oprn fran the centre (Craig, 1977). Some, but not all, of the 
c iponents have now been identified: B-protein, which is a 
caronent of the M-line; C-protein; F-protein has been identified 
as the enzyme phosphofructokinase; H-protein and X-protein (Starr 
& Offer, 1982). A group of giant myofibrillar proteins are 
present in abundance in a wide range of vertebrate and 
invertebrate striated muscles: titin and nebulin. These proteins 
are unusual not only in their giant sizes, but also in their 
solubility and their localisation in the sarccmere. The function 
of all these proteins is not fully understood today, but they 
could be involved as regulators of cross-bridge movements, in a 
mechanical or structural function or in filament assembly 
(Trinick et al., 1984; Wang & Greaser, 1985; Marayama et al., 
1989). 
THE THIN FILAMENT 
Actin is a globular protein with a single polypeptide chain, 
which in skeletal muscle is canposed of 375 am ino acids and has a 
6 
molecular weight of 42 kDa (Collins & Elzinga, 1975). It forms 
the backbone of the thin filament and has been shown to occur in 
every eukaxyotic cell studied sofar (Clarke & Spudich, 1977). The 
complete amino acid sequence has been determined and showed a 
remarkable degree of homology in muscle and non-muscle cells with 
only a few amino acid substitutions predominantly near the N- 
terminus of the chain (Vandekerckhove & Weber, 1979). 
At physiological salt concentration, actin polymerizes to 
filamentous (F)-actin. F-actin is a double-stranded helix linked 
by non-covalent bonds and with 13-15 molecules of globular (G) - 
actin for one full turn (fig. 1.3a). In solution the filaments 
are in dynamic equilibrium with the monaneric actin and the 
association of the monarers occur preferentially fran one end of 
the filament. 
In (1981) Suck et al. determined the structure of monomeric 
actin from rabbit skeletal muscle by X-ray crystallography at 6 
Angstrom resolution. The structure showed that the molecule is 
asymmetric with dimensions of approx 7m x 4nm x 3nm and composed 
of two different size domains, which are separated by a cleft. 
Recent reconstructions of actin polymers have resolved the actin 
monomer into a major and a minor domain, similar to those 
determined from X-ray crystallography (O'Brien et al., 1983) 
(fig. 1.3b), despite the ambiguity about the situation of the 
domains nearest to the filament axis (Ege]man, 1985). Attempts to 
determine an actin structure at 3 Angstrom resolution have been 
made by Kabsch & Holmes (1990) and preliminary results have been 
published. 
7 
Figure 1.3 Actin structure 
A. Schematic representation of F-actin, troponin and tropcmyosin 
with measurements. The intertwined strands cross over approx 
every 38rim and the filament width has been estimated at approx 
9.5nm with an approx 5.9nm pitch (fron Cooke, 1986). 
B. Three-dimensional reconstruction of F-actin fron electron 









OTHER CONPCJNENTS OF THE THIN FII 1T 
Tropo[tiyosin 
Troparyosin (TM) is a key protein in the regulation of muscle 
contraction and is found in a wide range of non-muscle cells. It 
exists as a dimer of two polypeptide subunits, which associate in 
register in a coiled-coil fashion (Graceffa & Lehrer, 1980). The 
subunits of 284 amino acid residues and 33kDa each have very 
similar amino acid sequences (Hodges et al., 1972). Crystals of 
tropcmyosin have been formed to about 4 Angstrom resolution, in 
which the 400 Angstren long molecule appears to bonded head-to- 
tail to form continuous filaments. X-ray diffraction pattern 
showed second order helical layer lines arising fron the 140 
Angstrom pitch of the two-stranded coiled-coil, which suggests 
that Tn can bind actin by winding around the actin filament. The 
eight or nine residue head-to-tail overlap of tropat myosin 
molecules is crucial to Thi polymerization and binding to actin 
(Phillips et al., 1986) (fig. 1.4a). 
Troponin 
Ebashi & Kodama (1966) and Endo & Ebashi (1966) first 
demonstrated that the Ca 2+ dependence of actcmyosin ATPase 
activity required a protein, which they called troponin (din). The 
exact composition of troponin was uncertain for several years 
until Greaser & Gergely (1971; 1973) established that troponin 
consists of three non-identical subunits, which led to the 
following terminology: (TnT), which binds tropanyosin and 
attaches the troponin carplex to the thin filament, (TnI), which 
8 
Figure 1.4 Troponin, tropanyosin and actin interactions 
A. A model for the protein caronents of the vertebrate thin 
filaanent, incorporating bi-lobal actin monaners, the two- 
stranded X-helical coiled-coil of troparyosin and the elongated 
head and tail structure of the troponin complex (fron Philips et 
al., 1986) 
B. A diagraMnatic representation of tropmin/tropczryosin (from 
Flicker et al., 1982). 
C. Folding of troponin C from the 0.28nm X-ray diffraction map 





inhibits the actin. subfragmelt 1 (acto. S1) ATPase and (mC), 
which binds Cat+. The subunits interact with tropcmyosin and are 
situated one third of the distance fron the carboxyl-terminal end 
of the ('flu) molecule (fig. 1.4b) . 
Troponin T 
Troponin T MT) is the largest subunit of troponin with a 
calculated molecular weight of 30,503 Daltons and 259 amino acid 
residues (Pearlstone et al., 1976). This globular protein with a 
rod-shaped tail is highly polar near the amino and carboxyl 
termini and links the troponin ccxnplex to tropcmyosin. It has 
direct interactions with TnI, TnC and tropanyosin and confers a 
Ca2+-sensitive inhibition of ATPase activity (Greaser & Gergely, 
1971). Crystals of TnT and TIn have been formed to 17 Angstrah 
resolution by White et al. (1987). 
Troponin I 
Troponin I (TnI) has a calculated molecular weight of 20,864 
Daltons and consists of 179 amino acids (Wilkinson & Grand, 
1975). This rod-shaped molecule has two segments, which are 
significant in the regulatory thin filament interactions. 
Functionally, TnI inhibits the actanyosin Mgt+-ATPase. In the 
absence of tropcmyosin or troponin, one TnI molecule per actin 
monomer is required to inhibit activity. This inhibition is 
abolished by the presence of ThC, irrespective of [Ca2+] (Greaser 
& Gergely, 1971). 
Troponin C 
Troponin C (TnC) is canposed of 159 amino acid residues with 
9 
a calculated molecular weight of 17,846 Daltons (Collins et al., 
1973). Crystal structures to a resolution of 2.2 Angstroms have 
been produced, which have revealed two distinct danains: one 
containing the amino-terminal Ca2+-specific sites and the other 
containing the carboacy1-terminal Ca2+ 
2+-Sites. These sites are 
separated by a long nine turn 0ý--helix, producing a dumb-bell 
shaped molecule about 75 Angstrom long (Herzberg & Jams, 1985) 
(fig. 1.4c). Patter & Gergely (1975) had found four Ca2+ binding 
sites on (TnC), which fitted best two classes of sites: two low- 
affinity sites that selectively bind Ca 
2+ 
over Mg 
2+ (( 2+ 
specific sites; KCa apprcc 105 9-1) and two high-affinity sites 
that bind Ca 2+ and Mg2+ campetively (Ca2+ _ Mg 
2+ 
sites; KCa 
approx. 107 M; K approx 103 g-1 ). The interactions between TnC 
and TmI and actin are central to the Ca2+-dependent regulation of 
contraction. TnC and ZhI interact both in the presence and 
2+ 
absence of Ca 
MUSCLE CONTRACTION 
Cross-bridge theories 
'A vertebrate skeletal muscle fibre is made up of many 
sarcaneres, which are apprcac 2.4um long and contain an 
interdigitating array of thick and thin filaments stacked end-to- 
end. On muscle shortening, the thick and thin filaments slide 
passed each other, leaving the length of filaments constant. This 
was first observed by H. E. Huxley & Hanson (1954), using 
interference microscopy and by A. F. Huxley & Niedergerke (1954), 
using phase contrast microscopy and led to the sliding filament 
10 
model of nniscle contraction. 
In (1957) A. F. Huxley proposed the existence of an elastic 
element attached to one filament, which could cyclically interact 
with the other filament, depending on the tension in the fibre 
and the presence and absence of ATP. H. E. Huxley (1957) 
identified these elastic elements by high-resolution electron 
micrographs as "cross-bridges" between neighbouring thick and 
thin filaments, which were later recognized as the Si heads of 
myosin (fig. 1.5a). 
In the (1957) theory of A. F. Huxley, force production was 
accommodated by making the rates of attachment and detachment of 
force generating links (now cross-bridges) sensitive to position. 
The rate constants for these two processes were believed to be 
dependent on the relative axial positions of the myosin-based 
projections and the actin-based attachment sites. Attachment 
would be faster than detachment in regions where cross-bridges 
generated positive tension, but detachment would be much faster 
from positions, in which the cross-bridges exerted a force 
opposed to the normal shortening motion. Cross-bridges could not 
attach directly in positions that exerted negative tension and 
could reach such positions only through the sliding of the 
filaments relative to each other during shortening. With the 
values for attachment and detachment, it was possible to fit 
quantitatively the experimental data to the mechanical and 
energetic steady-state properties of muscle that were available 
at the time. However, rapid transient changes seen in muscle were 
not included in this theory. 
Huxley & Simons (1971) added this extra feature to the 
11 
Figure 1.5 Models of muscle contraction 
A. The cross-bridge model of A. F. Huxley (1957). This model 
proposed the existance of a "side piece" (later cross-bridge) 
connected to the thick filament, which could attach and detach 
fran the thin filament in a cyclic fashion, depending of the 
tension in the fibre and the presence or absence of ATP (fron 
Woledge et al. 1985). 
B. The cross bridge model of Huxley & Simmons (1971). The 
attached cross-bridge head can take up a number of distinct 
conformations. The transition between these conformations irIvOlve 
rotation of the cross-bridge head. This dices a change in 
length of the elastic element (from woledge et al., 1985). 
C. Cross-bridge cycle and its relation to the actcnyosin ATPase 
based on the model by Lynn & Taylor (1971). The myosin head 
prefers two orientations (450 and 900) in the attached state 
depending on the presence of nucleotide. The dissociated heads 
are mobile with freedan of rotational motion (from Hibberd & 
Trentham, 1986). 
D. Cross-bridge model of Eisenberg & Greene (1980). In contrast 
with the Lynn-Taylor scheme, the reaction AM. ATP c-' AM. ADP. 
Pi 
is now a significant step in the mechanism. In both these state 
myosin is weakly bound to actin; each is in rapid equilibrium 
with the corresponding myosin state (M. ATP or M. ADP. Pi) (fron 
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cross-bridge representation used in the A. F. Huxley (1957) 
theory. The attached cross-bridge head (Si) can now take up a 
number of different conformations. Rapid tension transients are 
explained by an elastic element in the cross-bridge arm prior to 
an orientation change of the cross-bridge (fig. 1.5b). 
A widely accepted theory, today, about the mode of action of 
cross-bridge contracting muscle can be summarized as follows: 
a) Cross-bridges cyclically attach to and detach fron thin 
filaments. 
b) Force can be generated in the attached cross-bridge, pulling 
the thin filaments along in the direction that produces 
muscle shortening. 
c) ATP hydrolysis is coupled to such a cycle, providing the 
energy of contraction. 
This theory has been developed to describe quantitatively 
many mechanical, energetic, biochemical and structural properties 
of muscle. It is convenient to discuss experimental results in 
these terms (see also Woledge et al., 1985). 
BIOCHEMICAL STMIES 
Many studies have been carried out on muscle proteins with 
biochemical techniques and correlated with structural and 
mechanical properties in fibres (Hibberd & Trentham 1986; Irving, 
1987). Proteolytic digesticn of myosin has made the biochemical 
approach a powerful tool. By using these methods, myosin retains 
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its actin binding and ATPase activity and has proved valuable in 
attenpting to elucidate the mechanism of muscle contraction. In 
interpretating biochemical results, it is important to take into 
account, the effects of solubilising and digesting muscle 
proteins. 
A common criticism of biochemical studies of actin and myosin 
subfragnent 1 (Si) is that the local concentration of proteins 
will be much higher in the filament. Further, that solution 
studies are normally performed at ionic strengths lower than 
physiological conditions. Also steric contraints in the filament 
will affect the rates of some of the muscle protein interactions. 
As proteins in solution can do no work, free energy of ATP 
hydrolysis must be dissipated as heat. Therefore, solution 
studies are often compared to muscles contracting under no load. 
Experiments to carpare the solution studies with in vivo 
observations will be discussed (Geeves, 1990; Millar & Hcmsher, 
1990). 
THE LYNN-TAYLOR SCH NE 
The basic model for the biochemical mechanism of the 
actcmyosin ATPase reaction is the Lynn-Taylor scheme (Lynn & 
Taylor, 1971). This scheme gives a relatively simple view of how 
the chemistry of ATP hydrolysis could be related to cycling 
cross-bridges. The basis of the scheme is as follows: Following 
ATP binding to actcmyosin (AM), actin (A) dissociates from the 
(AM-ATP) ccmplex faster than ATP is hydrolysed, so the 
intermediate (M. ATP) is formed. After ATP hydrolysis the myosin 
products ccuplex (M. ADP. Pi) can rebind to actin, so that there is 
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a rapid equilibrium between the states (M. ADP. Pi) and 
(AM. ADP. Pi). Release of the products occurs much faster fron 
(AM. ADP. Pi) than fron (M. ADP. Pi), giving the strongly bound 
(AM. ADP) or (AM) states and completing the cycle and giving it a 
direction. Fig. 1.5c shows the structural correlations that were 
proposed to accompany the biochemical events. 
THE MODEL OF EISENBEI & (ATE 
Stein et al. (1979) tested the Lynn-Taylor scheme and shad 
that it does not describe the pathway of ATP hydrolysis in 
solution accurately under all conditions. It was observed that, 
when actin concentration is increased to nearer the concentration 
in muscle, it could reversibly bind to all intermediates of the 
ATPase pathway. Furthermore, ATP binding to actanyosin at low 
ionic strength does not necessarily lead to actin dissociation 
before ATP hydrolysis. In contrast to the Lynn-Taylor scheme, the 
reaction (AM. ATP -I AM. ADP. Pi) now became an important step 
in the mechanism. In both these states, myosin is weakly bound 
to actin; each is in rapid equilibrium with the corresponding 
myosin state (M. ATP or M. ADP. Pi). 
Eisenberg & Greene (1980) proposed a cross-bridge model on 
the basis of the kinetic scheme by Stein et al. (1979) (fig. 
1.5d). Free cross-bridges are in rapid equilibrium with actin- 
bound cross-bridges. In the weak-binding 90° conformation of the 
cross-bridge two kinetic events occur (ATP hydrolysis and a 
"rate-limiting" step). This is followed in the cross-bridge cycle 
by the transition fron the weak-binding 90° to the strong-binding 
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45 0 conformation with tension development, pi release and force 
production, which is different in muscle and solution as there is 
no restraint in solution. It was suggested by Eisenberg & Greene 
(1980) that in muscle tension development and movement occur in 
two steps. Both steps are a result of the nature of attachment of 
many cross-bridges instead of one. During tension develognent a 
strained 45° attachment exists, exerting positive tension, which 
is only relieved by the gradual and relative movement of the 
filaments. The release of ADP fran the cross-bridge is slow only 
until the cross-bridge reaches the stable 45 0 conformation, then 
ADP release becomes as rapid as in solution. With the release of 
ADP, ATP binds to the cross-bridge causing it to return to the 
90 0 state. This state exerts negative tension, but M. ATP 
detaches rapidly from AM. ATP and no significant tension is 
developed. 
THE MODEL OF GEEVES, GOODY AND GTTJ'FRE JND 
The transition between weak and strong actin binding states 
were discussed further by Geeves et al. (1984) and interpreted in 
the following two step model; 
K1 K2 
A+ MST c-----ý A-M c---, ANA1 
(A=actin; M=myosin; I=nucleotide) 
In the first step actin binds to form a weakly "attached" 
ternary telex with an association constant of 103 to 104 k -l 
and then isanerizes to a "rigor-like" complex. It was proposed 
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that the first step is relatively independent of nucleotide. The 
second step, however, was dependent upon the nucleotide present 
at the myosin subfragment 1 (Si) nucleotide binding site. The 
equilibrium constant (K2) of the second step dictates whether the 
ternary complex exists in either the strong or weak binding 
state. If K2 >1 the strong canplex predaninates, if K2 <1 the 
weak ccxrplex predominates. The iscmerization step is believed to 
be related to the force generating event in muscle. Eisenberg & 
Greene (1980) had suggested the transition fran the weak 90° 
state to the strong 45° state to be responsible for tension 
generation. 
Geeves et al. (1984) discussed the kinetic data available at 
the time in term s of two different models: a direct coupling 
model suggesting that the steps in the ATPase cycle are directly 
responsible for conformational changes that represent tension 
generation in muscle; and an indirect coupling model, in which 
changes in affinity of actin for myosin at different stages 
throughout the ATPase cycle determine the time, the myosin 
molecule would spend in the attached and rigor-like state. The 
change in both environments is followed by the power stroke. 
Several pieces of indirect biochemical evidence for the 
existence of two states of actin and myosin subfragment 1 (Si) 
have been provided by various workers with different techniques 
and under different conditions. 
In (1980) Sleep & Hutton studied the oxygen exchange of 
inorganic phosphate (Pi) and AI? in the presence of acto. Sl and 
demonstrated that the exchange was greater with hydrolysis of ATP 
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than when ADP and Pi were only present in the system. The 
existence of two ADP states were proposed under steady state 
conditions, one of which could not be formed upon addition of 
ADP. The kinetics of the interaction between actin and S1. ADP or 
S1. ethenaADP has also been studied by stopped flow (Marston, 
1982; Trybus & Taylor, 1980; Sianankowski & White, 1984; 
Rosenfeld & Taylor, 1984) and by pressure relaxation methods 
(Geeves & Gutfreund, 1982). These studies were consistent with a 
simple one-step binding reaction, preceded by a rapid pre- 
equilibrium or collision canplex. 
In the pressure jump study by Geeves & Gutfreund (1982), the 
interaction of acto. S1 binding was monitored by following the 
changes in light-scattering. The sensitivity of this method, 
however, limited the study to conditions (at high salt 
concentration or in the presence of ADP) where the association 
constant was between 104 and 106 4-1. 
The use of actin labelled at Cys 374 with a pyrene 
fluorophore, which has no significant effect on the binding, has 
enabled characterization of additional acto. S1 and acto. Sl- 
nucleotide cctlexes (Criddle et al., 1985; Geeves et al., 1986). 
Employing the specific pyrene probe increased the sensitivity of 
the pressure jump studies, allowing relaxations at physiological 
ionic strength and in the absence of nucleotide to be observed. 
Coates et al. (1985) provided the first direct evidence for this 
model. It was revealed that two relaxations of acto. S1 were 
apparent corresponding to two steps in the actin binding reaction 
with only significant pyrene fluorescence quench on the second, 
pressure-sensitive step. 
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More recent work demonstrated that the sale two states can be 
identified when nucleotide or nucleotide analogues are bound to 
myosin and that the equilibrium constant (K2) is particular 
sensitive to the nature of the occupancy of the nucleotide site 
on myosin (Geeves et al., 1986; Geeves & Jeffries, 1988; Geeves, 
1989). The model proposed by Geeves et al. (1984) is shown in 
fig. 1.6 with experimentally determined or estimated values for 
(K1) and (K2). 
REL TION OF BIOCHEMISTRY AND SZTdUCTURAL STUDIES 
The biochemical evidence of intermediates in the actanyosin 
ATPase cycle might be testable by structural methods, e. g. the 
fraction of cross-bridges that are attached to actin in a 
particular mechanical or biochemical state or the existence of 
two or more configurations of the attached cross-bridge. 
Score of the most detailed information about cross-bridge 
structure has cane fron electron microscopy. X-ray diffraction is 
used to gain further information about periodic structural 
features, whilst X-ray scattering has been used to investigate 
aperiodic charateristics such as cross-bridge orientation (Irving, 
1987). The reactive suiphydryl (SH-1) of myosin subfragment 1 
(Si) sites on the cross-bridges can be modified by introducing 
extrinsic probe molecules, which can be used for optical studies 
of structure changes. In addition to fluorescence and dichroism 
studies, extrinsic probes have been used for electron spin 
resonance (ESR) and electron paramagnetic resonance (EPR) studies 
of muscle fibres (for references see Cooke, 1986). 
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Figure 1.6 The two step binding model of Geeves et al. (1984) 
The myosin (M) ATPase reaction in the absence of actin is 
shown in column 1. Equilibrium constants (a. ) were taken fron 
Trentham et al. (1976). Each of these states can bind (A) actin 
weakly to form ternary complexes shown in column 2 and then 
isanerize to give complexes in column 3. The overall binding 
constants are given in column 4. This is related to the two 
binding reaction by the relationship Kam = K1MN x (1 + K2MN ). 
The equilibrium constants (b. ) were assumed to be of the same 
order for each myosin species as established for myosin. ATP (Mr) 
and myosin. ADP (MDP). The value for the equilibrium constant (c. ) 
was derived from values of the overall binding constant and weak 
binding constant. This value was determined by Coates et al., 
1985; Geeves & Halsall (1986) and chapter 3 between 100-200. 
Values for (d. and f. ) were determined fran detailed balance and 
value for (e. ) was established as a minimum (Millar & Geeves, 
1983). The equilibrium constant (g. ) was obtained by stopped flow 
(White, 1977) and has been inferred fran pressure jump 
experiments (Geeves et al., 1986). A value of between 10 - 100 
for (h. ) is canpatible with published data (Sleep & Hutton, 1980; 
Geeves & Gutfreund, 1982; Geeves & Jeffries, 1988). Values for 
(f. ) can be determined from detailed balance. Newly determined 
values have not been inserted in this scheme. 
Ka (M-1) 
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Results fron electron microscopy in the absence of ATP of 
actin filaments with myosin (Si) bound to them indicate that 
heads make an angle of about 45° with the filament axis. X-ray 
scattering confirms this orientation of 45° to the filament axis 
(Poulsen & Lowy, 1983) and X-ray diffraction suggests 
stereospecific attachment of cross-bridge heads. Results fron 
experiments using spin or optical probes attached to Si support 
this view. The presence of ADP in rigor muscle has no effect on 
the mechanical properties in X-ray pattern or orientation of a 
spin label on myosin (SH-1)- _ccal changes in myosin conformation 
on addition of ADP have been detected by probes attached to SH-1 
(Burghardt et al., 1983). 
Actin-based layer lines in electron micrographs of relaxed 
muscle are weaker than in rigor muscle, suggesting cross-bridge 
detaclm*nt from actin. Extrinsic probes detect a greater disorder 
of orientation in relaxed than in rigor muscle. X-ray and 
birefringence measurements estimate an average cross-bridge head 
angle of 300 with the filament (Irving & Peckham, 1986). 
In contracting muscle, X-ray diffraction result suggest 60- 
80% of cross-bridge attachment to actin (Huxley & Kress, 1985). 
EPR spectra of isometric contracting muscle indicate 20% of the 
spin probes on myosin SH-1 are in rigor conformation and 80% 
remain disordered and mobile. Fluorescence ATP analogue 
measurements showed 40% of cross-bridge heads in rigor 
conformation. Differences in these results are interpreted as 
possible two types of attached cross-bridges. 
Clearly, the available structure data are inadequate. It may 
be necessary to develop new methods to probe the orientations, 
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mobility or interactions of several defined sites on the cross- 
bridge to answer questions of structural basis of tension 
generation (Cooke, 1986). 
THE RELATION OF BIOCHEMISTRY TO MECHANICS 
An experimental system that allows mechnical observations, 
while the biochemical milieu of the myofilament is altered, is 
that of "skinned fibre" preparations: The surface membrane of the 
muscle fibre is either chemically or mechanically removed and 
placed in solutions that mimic the intracellular environment. The 
de-membranated muscle cells with largely intact myofilaments has 
provided new information about the relationship between 
mechanical performance (tension development, shortening velocity 
and response to rapid perturbations) and the chemical 
environment of the myofilaments. However, caution is required in 
extrapolating fran skinned fibres to intact muscle (Woledge et 
al., 1985). 
The rates of ATP binding and hydrolysis in fibres were 
measured by Sleep & Smith (1981) and correlated with data fran 
solution studies. The results are ambiguous as protein 
concentration in fibres and diffusional delays of ATP 
concentration could not be controlled. Much of the information 
about actcmyosin in muscle has, therefore, cane fron studies of 
steady-state and transient mechanical properties of muscle fibres 
in solutions of various maintained canpositions. Cooke & Pate 
(1985) observed an increase of isometric tension in the presence 
of ADP, which was consistent with ADP inhibiting the rate, at 
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which ATP bound to a tension bearing state. The influence of the 
products of the ATPase reaction (ADP, Pi) on the cross-bridge 
cycle in muscle has also been explored, suggesting that ADP 
release could limit the shortening velocity in muscle 
(Siemankowski & White, 1984; Siemankowski et al., 1985). Oxygen 
exchange studies were used to elucidate the stages of myosin 
ATPase in solution and in fibre (Webb et al., 1986). It was 
observed that exchange occurs at a greater rate in fibres than in 
solution of purified proteins. It has becane possible to study 
the kinetics of transitions between biochemical states more 
directly by imposing a rapid step change of ATP concentration 
within a muscle fibre. This was achieved by allowing ATP 
protected by a photolabile group, "caged" ATP, to diffuse into 
the fibre, then illuminating the fibre with an intense pulse of 
UV-light to generate ATP rapidly in millimolar concentrations 
(Goldman et al., 1982; Dantzig et al., 1987). Results fron these 
studies indicate that major steady-state intermediates in 
isanetric muscle must have bound hydrolysis products. Time- 
resolved X-ray diffraction allows the movement of muscle 
cents to be observed directly (Kress et al., 1986) and 
results indicate a movement of mass towards the thin filament 
prior to tension increase. More recently, pressure perturbation 
studies on whole muscle fibres have been carried out and results 
support the conclusions from solution studies that increased 
pressure is perturbing a cross-bridge event (Geeves & Ranatunga, 
1987; 1990; Fortune et al., 1988; 1989). 
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A MODEf., OF CROSS-BRIDGE ACTION 
Based on the models of A. F. Huxley (1957) and Eisenberg & 
Greene (1980), Pate & Cooke (1989) incorporated all aspects of 
steady-state kinetics and physiological data obtained from de- 
matbranated muscle fibres into a new model of energy 
transduction. 
The authors explain their model, using one single pathway 
with five states for ATP hydrolysis: three actanyosin attached 
states (A. M. ADP. Pi; A. M. ADP; and A. M) and two detached states 
(M. ATP; M. ADP. Pi). This model accounts for the relationship 
between ATP concentration, steady-state ATPase rate and isometric 
tension in contracting fibre with a reasonable set of 
assumptions. 
A basic assumption of this model is that the kinetic cycle of 
ATP hydrolysis is the sane in fibres and solution. The free 
energies of the detached cross-bridge states are not dependent on 
the relative actin-binding sites. The (A. M. ADP. Pi) state is 
mechanically the sane regarding stiffness, but exerts little 
force, and the Pi release is seen as the driving force for muscle 
shortening. Most force is produced by the A. M. ADP state and the 
rate-limiting step in isanetric muscle is the ADP release. The 
model also defines a linear relationship between the log of Pi 
concentration, isometric force and ATPase rate. 
Premises made in this model conform with most of the data and 
interpretations of the past few years. However, some ideas and 
data challenge the traditional view on energy transduction; e. g. 
the tight coupling between cross bridge attachment-detachment 
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cycles and ATP hydrolysis; the cooperative effects between the 
two independent myosin heads on the energetics of energy 
transduction mechanism (for all references Pate & Cooke, 1989). 
ENVIRCNMENTAL CHANGES OF A SOLUTION CONTAINING ACTIN AND Si: 
THE EFFECT ON THE S"TR X iURE, ACTIVITY AND BINDING OF PROTEINS 
The understanding of the interaction of actin and myosin 
under various experimental conditions is important in the study 
of muscle function. A great amount of evidence has accumulated to 
illustrate that the interaction of ions or solvents with muscle 
proteins plays an important role in the contractile process and, 
therefore, deserves special study. It has been shown that the 
presence of ions or solvents influence the conformation, the 
ATPase activity and other physiochemical properties of the 
actcmyosin complex (for all references Stafford, 1985). 
Over the last 20 years a considerable body of research has 
been concerned with the effect of various salts on the 
conformational stability of a variety of biological 
macromolecules and macranolecular assemblies in general. The 
effect was viewed as a shifting, by the added salt, of the 
transition boundary between an ordered macraoolecular structure 
(in which residue-residue contacts are thermodynamically favoured 
for at least the groups comprising the "interior" of the 
macromolecule) and a disordered or "random" coil state, in which 
residue-solvent contacts for essentially all of the constituent 
groups (Von Hippel & Wong, 1962). The phase transition boundary 
may be shifted towards either higher or lower temperatures 
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relative to the transition temperature of the macromolecule in a 
dilute aqueous buffer system, depending on whether the added ions 
tend to stabilize (thermodynamically favour) the ordered or the 
disordered forms of the macrcto1ecule. The effects of the 
individual ions on the macranolecular stability were reported to 
be independent and additive and generally follow the classical 
Hofmeister series (Hofmeister, 1888; Von Hippel & Schleich, 
1969a; b). 
Major work has been carried out by various workers on how 
these effects are brought about. Studies an macrarolecules have 
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made it clear, that the effects do not depend strongly on details 
of macromolecular conformation or chemistry (Nandi & Robinson, 
1972a; b). Therefore, the emphasis of research has turned to an 
examination of the properties of small molecules e. g. collagen 
(Von Hippel & Wong, 1962), DNA (Ross & Scruggs, 1964) and myosin 
(Warren et al., 1966). 
The two major forces, which alter the state of interaction of 
aqueous solutions of biological molecules, are hydrophobic and 
electrostatic. They play an important role in the transfer of 
reactants fran the bulk water phase to the surface of the enzyme 
protein. Further, their interaction with specific protein groups 
and concomitant conformational changes of the protein make a 
large contribution to the thermodynamic state of the system. As 
the accompanying thermodynamic changes provide a useful insight 
into the processes involving biological molecules, it allows 
caparison with information on mechanical changes obtained by 
other analytical methods (Kodama, 1985). 
With the development of kinetic techniques for the study of 
biological system, much attention has been directed towards the 
elucidation of distinct intermediates, their rates of 
interconversion and the characterization of physical properties. 
The wide range of kinetic techniques today, allows the 
observation of reactions with different lifetimes and 
intermediates. Stopped flow, temperature jump and pressure 
relaxation techniques are the most widely used. Relaxation 
methods have the advantage over flow techniques, as the time 
taken to change the concentration of the reactant is not limited 
by mixing tine, which is apprca lmsec. Flow, mixing and flow 
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stopping artefacts are also avoided using relaxation techniques. 
Zieuperature jump reactions can be initiated within the nano -and 
microsecond range and permit observations up to 1sec. In 
contrast, pressure relaxation reactions can only be observed 
after 25usec but with no upper tine limit. Further advantages 
over tenperature perturbation technique are: no limit of solvent 
ccciposition, reproducible reactions in rapid succession and no 
protein denaturation under 1000atm. 
Volume changes during biochemical reactions in aqueous media 
are largely due to changes in solvent structure due to the 
interaction with solute molecules (Gutfreund, 1972). The 
formation and disappearance of charged groups accessible to 
water result in considerable volume changes and hence processes 
involving such exposed ionising groups show a marked pressure- 
dependence. These effects can be due either to conformation 
changes, which result in exposure of a charged group or to 
pressure-induced change of the pK of a group linked to a 
conformational rearrangement. Studies of the effect of pressure 
over a range of conditions allow one to distinguish between the 
different causes of electrostriction, ionisation, breaking of 
salt bridges and exposure of buried charged groups. Hydrogen bond 
transfer fron an intrinsic to a water bonded state is generally 
associated with a small negative volume change. 
The aim of relaxation techniques is to perturb the 
equilibrium so that subsequent rapid reactions can be studied. 
The perturbation can be mediated through an indirect effect such 
as the rapid change in pH or of the concentration of some other 
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reactant species. Studies of amplitudes of relaxations under 
different conditions can elucidate the volume changes and 
thermodymanic characteristics of the reaction steps. The 
amplitude of the change in equilibrium for a pressure change is 
given by; 
() 1nK/) P) t=- 
L1 V°/PXT 
For small pressure changes this approximates to; 
QK/K =-/Px L°/ RxT 
(K = equilibrium constant; P= pressure; V0 = standard volume 
change; R= gas constant; T= absolute temperature) 
The study of protein assembly fran monomeric units is of 
interest both because it can give information about the structure 
and the forces involved in their stability. The potential of 
pressure relaxation for the study of the assembly of myosin 
polymers has been demonstrated (Davis & Gutfreund, 1976). 
Geeves & Gutfreund (1982) reported that pressure relaxation 
could be used as a tool to study the mechanism of acto. S1 
interactions. Results demonstrated the potential of this method 
for studying the rate of equilibration of the attachment of Si 
for actin by light scattering under various conditions. It was 
shown that the binding reaction in the presence of ADP, which was 
treated in terms of a single-step reaction, was sensitive to 
ionic strength, temperature and pH changes. Similar observations 
were made for the binding of actin to Si by the stopped flow 
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method in the absence of nucleotide (White & Taylor, 1976; Konrad 
& Goody, 1982; Marston 1982). The marked ionic strength effect on 
the forward rate constant was interpretated as a significant 
contribution from charged groups in the binding reaction, in 
which electrostatic interactions play an important role. The 
large temperature dependence of the binding indicated a 
conformational change in the protein and data fron the Arrhenius 
plot suggested an entropy controlled reaction. Konrad & Goody 
(1982) also interpreted the association of actin and myosin as an 
entropy driven process. Large values for aS0 are normally 
expected for reactions with significant volume changes. 
Substantial volume changes usually reflect changes in the 
ordering of water due to changes in the number of exposed charged 
or hydrophobic groups (Eagland, 1975). This evidence indicated a 
more canplex binding reaction, and the high activation energy 
(Ea apprcac 107 k. 7/mol) suggested that the first order 
isarierzation is preceded by a faster diffusion controlled 
reaction. Further evidence for a more complex reaction has come 
fron the analysis of the observed amplitudes. 
The use of fluorescent labelled actin allowed the interaction 
of actin Si to be monitored at physiological ionic strength and 
in the absence of nucleotide by pressure relaxation methods 
(Coates et al., 1985). No relaxations were identified, which 
represented two events in the interaction of actin with Si. 
However, it was suggested that the first step may be more complex 
as the reaction did not have the properties associated with a 
diffusion controlled reaction. Therefore, this step was 
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considered to ccaprise the foxmation of a collision complex 
before the attached state is formed; 
K0 K1 K2 
A+M. (A M) --' A--M c-ý AM 
and with no direct information on the collison canplex, the 
reaction was discussed in terms of two steps (K1 = Ko x K1). It 
was demonstrated that ionic strength, temperature and organic 
solvent had a marked effect on the two individual binding steps 
and that the second step was sensitive to hydrostatic pressure 
and caused quenching of pyrene fluorescence. The size of 
perturbations suggested that the equilibrium had an associated 
volume change of apprcx 100 cm3 per iml. 
Volume changes of this magnitude normally indicate a change 
in the hydration sphere of the system caused by the exposure of 
charged groups to the solvent and must be seen as evidence for a 
substantial change in conformation of the protein complex or a 
change in the contact area between the two proteins. 
Therm dynamic data of the binding of ATP to myosin 
subfragment (Si) (Biosca et al., 1983) and acto. S1 (Millar & 
Geeves, 1983) revealed a large increase in entropy at law 
teperature. The results were interpretated in terms of 
testperature induced confornmaticnal change in the protein. The 
entropic control on the free energy is normally the consequence 
of the hydrophobic interaction dccninating the association process 
at law temperature. The enhancement of solvent structure by the 
dissolution of non-polar groups in aqueous solution is greatest 
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at low temperature, and the tendency for hydrophobic association 
is increased because of this (Ross & Subramanian, 1981). 
Many laboratories have used organic solvents to elcuidate the 
structure of the cross-bridge intermediates in the actomyosin 
ATPase cycle. The use of organic solvent has been ]mown to weaken 
the binding of the acto. S1 complex (Marston & Tregear, 1984). 
Tregear et al. (1984) reported a shift in the Si structure in the 
presence of 40% ethylene glycol towards the weak binding 
conformation. Increasing salt concentration and ethylene glycol 
concentration furthered this process. Recently, (Mushtaq & 
Greene, 1989) reported a similar event for controlled actin. No 
significant effect of 40% ethylene glycol was observed upon the 
interaction of ATP with acto. S1 (Millar & Geeves, 1983). Geeves & 
Jeffries (1988) observed that the acto. S1 ca Alex in the 
presence of 40% ethylene glycol and ADP exists to less than 30% 
in the weak binding conformation. 
The aim of this thesis is to examine the effect of different 
anions, temperature, solvents, ionic strength and nucleotide in 
order to understand the nature of the acto. S1 reaction in each 
step. The differential effect of these parameters could be used 
to trap actcmyosin in the weakly attached state preferentially, 
facillitating structural studies of the two states. 
Results fron these studies are evaluated in terms of the two 
step binding model of Geeves et al. (1984). 
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CHAPTER 2 MATERIALS AND ME'IliiDS 
REAGENTS 
General reagents were purchased fran BDH Chemicals Co., 
Boehringer Mannheim QnbH., Sigma Chemicals Co. and Aldrich Fine 
Chemicals, unless otherwise stated. D'IT was obtained fron Park 
Scientific and Urea (Enzyme Grade) was supplied by Bethesda 
Research Lab. (BRL). Fluorescence probe (N-(1- 
pyrene)iodoacetamide was purchased fran Molecular Probes Inc. and 
N-dansylaziridine was obtained from Pierce Chemicals Co. The 
chrarophoric indicator arsenazo III was a gift fran Dr. D. Yates, 
Bristol University. 
GENERAL BUFFERS 
Experiments were generally performed at pH 7.0. In pressure 
jump studies imidazole (pK 7) was used because of its pH 
stability upon pressure perturbation. Titrations were mainly 
conducted in tris (pK 8) or cacodylate (pK 6.27) buffers, due to 
occasional difficulties with background fluorescence caused by 
impurities in imidazole preparations. Slow and fast temperature 
jump experiments were usually carried out using cacodylate since 
this buffer is reasonably insensitive to changes in temperature. 
All buffers contained hM sodium azide to prevent bacterial 
and fungal contamination. Double distilled water was used for all 
buffers. The glassware was rinsed with double distilled water 




To keep the concentration of free ionised Ca 
2+ 
constant in 
buffers, a series of Ca/EGTA buffers were prepared giving free 
Ca 2+ concentrations in the range 0.1 - 1OuM at pH 7 and 20°C. The 
concentration of free Ca2+ was calculated, using a binding 
constant of 4x 10-8 M1 at pH 7,200 C (Owen, 1976). Solution 
ccapositions were determined by using a canputer program for 
solving multiequilibria (unpublished programne by N. C. Millar). 
In all experiments involving calcium studies, only acid washed 
plasticware and double distilled water was used to keep calcium 
contamination at a minimum. 
PIPEZTING 
For actin concentrations up to 200uM, Gilson direct 
displacement pipettes were used. For volumes up to 5ml and for 
larger volumes, Gilson air displacement and graduated glass 
pipettes were used, respectively. 
C OPHORIC DYE ARSE AZO III 
Arsenazo III, purified by acid purification, was employed as 
indicator at 655rn to follow selectively changes in calcium 
concentration. A binding constant of lOuM for arsenazo III at pH 
7 and 20PC was used. The absorbance of arsenazo III is dependent 
on temperature, and this must either be kept constant or any 
changes corrected for (for all references Hole, 1980). 
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NUCLEOTIDES 
ATP and ADP were supplied by Boehringer as crystallised 
disodium or monopotassium salt, respectively and used without 
further purification. The concentrations were determined, using 
the molar extinction coefficient of E259 = 15.4 M1 cm -1 (Bock et 
al., 1956). 
PI TEINS 
Proteins were extracted fran freshly killed exsanguinated 
white rabbits. Rabbits were quickly skinned and only muscle fran 
the back and the hind legs was taken. Usually, approx lkg of 
muscle was obtained fron two rabbits. 
MYOSIN 
The method described by Margossian & Lowey (1982) was 
essentially followed to prepare myosin. Myosin was extracted from 
muscle immediately after mincing in 3 litre of Chiba-Straub buffer 
(0.3M KC1,0.15M K2HFO4/KH2P04, pH 6.5) for exactly 15min at 
4°C. Longer extraction times resulted in actin extraction. The 
suspension was then spun at 5 000 xg in a pre-chilled mistral 6L 
centrifuge for 45mm at 4°C. The insoluble pellet was used for 
actin and tropomyosin/troponin preparation, and the supernatant 
was filtered through a Buchner funnel to remove fats. The funnel 
contained a lan thick pad of Whatman's No. 1 filter paper, 
harogenised in Guba-Straub buffer. The filtrate was collected 
under vacuum in a flask on ice. Frothing of the filtrate was 
avoided. The pad was washed with 100knl of Guba-Straub buffer and 
the filtrate was carefully poured into 10 volumes (30 litres) of 
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cold single distilled water and left to settle overnight. 
The supernatant was siphoned off and the remaining 
suspension was spun at 5 000 x g, 4°C for 45min for the myosin to 
pack down. The pellet was then re-dissolved in 167m1 of 3M KC1, 
made up to 1 litre and homogenized. The solution was poured into 
10 volumes (10 litre) of cold vortexing single distilled water 
and left to settle overnight. 
The supernatant was siphoned off as before, the myosin was 
collected and then spun down at 12 000 xg for 30min in the MSE 
Europa centrifuge. Myosin could be stored at this point for 
several months at -200C by dissolving it in 0.5M KC1, ]mM DT T, 
1(rM K2HPO4/KH2PO4, pH 6.5 and mixing it with an equal volume of 
glycerol. 
MYOSIN SUBFR qT 1 (Si) 
For myosin subfragment 1 (Si) preparations the method 
described by Weeds & Taylor (1975) was essentially followed. A 
chymotryptic digest of myosin caused the digestion of the DTNB 
light chain, but leaving the A-light chain intact. 
The digestion was prepared by dissolving myosin in 42n1 of 
0.314 KC1 and only after the suspension was homogenous, 2rrt4 FDTA 
and 2mM DIT were added. The pH was adjusted to 6.5 by addition of 
10mM K2HPO4/KH2PO4, and the suspension was made up to 1 litre 
with double distilled water. Myosin concentration was determined 
by measuring the absorbance at 280nm. Correction for light 
scattering artefacts was madeýby using the absorbance between 360 
and 380nm as base line. Values for E1$28O = 5.6 an 
1 
and Mwt. of 
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470kDa were used (Margossian & Lowey, 1982). A concentration of 
10 to 20mg/ml myosin was necessary for the digestion. Continuous 
stirring was required to maintain a homogenous suspension. The 
digestion was performed at 23°C, by adding 100mg of bovine 
pancreatic-chymotrypsin in a little water so that the final 
concentration was 0.1mg/ml. The reaction was stopped after 
exactly 10min by the addition of 0.5nt4 PMSF dissolved in Ina 
ethanol. The digestion mixture was then dialysed overnight 
against 10 volumes of 5mM K2HPO4/KH2PO4, pH 6.5 at 4°C. 
Insoluble myosin rods and undigested material were separated 
by centrifugation at 10 000 xg and 4°C for 1 hour. Concentration 
of Si was determined by measuring the absorbance at 280nm using 
E1%280 = 7.9 an 
1 
and Mwt. of 115kDa (Margossian & Lowey, 1982). 
Between 100 and 200mg of protein per lg of myosin were gained. 
For separation of the two isoenzymes Si(Al) and S1(A2), the 
solution was loaded onto a 60 x 4.5 an column (Whatman DE 52), 
which had previously been equilibrated with a minimum of 500m1 of 
50er imidazole, pH 7.0. After loading, a further 50ml of 
imidazole were pumped onto the column, allowing all protein to 
adhere to the column resin. Separation was accanplished by 
elution of a1 litre linear gradient from 0.05M to 0.2M KC1 in 
50W imidazole at 40C. The flow rate was set at 2-3m1/min and 
fractions were collected in 80-90 tubes overnight. Protein 
elution was monitored at 280nm and the salt concentration was 
detected, using a conductivity meter. 
Two protein peaks, representing Si (Al) and S1(A2), were 
pooled separately and dialysed against 10 volumes of loom 
K2"P04/KH2P04, pH 7.5 at 4°C. Concentration of Si was determined 
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by the absorbance at 280mn, using E1%280 of 7.9an 
1 
and Mwt of 
115kDa and an equal mass of sucrose was dissolved in the solution 
to stabilize the protein. The solutions were changed over to 
500ml round bottan flasks, rapidly frozen in a C02/acetone 
mixture and then freeze dried under vacuum. Freeze dried 
flakes were stored at -20°C and could be kept for several months. 
About 1/3 of the mass of flakes was S1. 
For separation of Si, after the chymotryptic digestion, 
myosin could also be subjected to ammonium sulphate 
fractionation. A noniun sulphate was added up to 40% and spun at 
7 000 xg for 15min. The pellet was discarded. Atmmium sulphate 
up to 60% was added to the supernatant, which was then 
centrifugated at 7 000 xg for 15min. The pellet was re-suspended 
and dialysed exhaustively against 10 volumes of 10MM 
K2HPO4/KH2PO41 pH 7.5 at 4°C. Determination and storage of Si, 
which was a mixture of (Al) and (A2), was as above. 
For experimental use, three times the required mass of 
protein was weighed out, dissolved in experimental buffer and 
dialysed against at least 100 volumes of experimental buffer to 
ensure removal of sucrose and phosphate. 
Protein purity was checked, using SDS polyacrylanide gel 
electrophoresis. Little variation between preparations was 
observed and S1 was considered to be pure by this method. A 
mixture of both isoenzymes was used in experiments. 
ACTIN AND TF 5P1 IN/TROiPC1'ZOSIN 
The precipitate from the centrifugation of the myosin 
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preparation was used to prepare acetone powder (Pardee & Spudich, 
1982). Actin and troponin/tropanyosin were obtained fran this 
powder. 
The pellet was added to 5 litre of 0.4% NaHCO3,0. lw4 CaCl 2 
and stirred at 4°C for 15min. This mixture was then filtered 
through cheesecloth, and the precipitate was re-suspended 
in 1 litre of 10 f4 NaHCO3,10rrM Na2CO31 O. hTM CaCl2 and stirred 
at 4°C for 10min. The residue was filtered through cheesecloth 
and quickly rinsed with 10 litre of distilled water at room 
to perature. This mixture was passed through cheesecloth to 
remove most of the water. The pellet was then re-suspended in 2x 
2.5 litre cold acetone, which was stirred each time for 20min. 
Dehydrated pellets were spread out on filter paper and the 
acetone was allowed to evaporate. Pieces of connective tissue 
were removed and the dried material was ground through a plastic 
sieve. Usually, from two rabbits 50g of fine actin powder were 
obtained, which could be stored at -200C for a few months. 
ACTIN 
F-actin was prepared from acetone dried powder by the method 
described by Pardee & Spudich (1982). Normally, lOg of actin 
powder were stirred in 400m1 of ID M tris, 0.5mM ATP, 0.2mM 
CaC12, ]mM DTI', pH 8,0°C for 30min. The mixture was filtered 
several times, and the supernatant was then exposed to a set of 
polymerisation at high ionic strength and de-polymerisations at 
low ionic strength for purification. Non-polymerised material and 
other impurities were removed by a cycle of high speed 
centrifugations. The first extract was filtered through 
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cheesecloth and solids were kept as a source for purifying 
troponin/tropanyosin and troponin C. The filtrate was then spun 
at 70 000 xg and 4°C for 1 hour in a MSE 60 centrifuge and the 
supernatant was then polymerised by adding NOW KC1 and 2mM 
MMC12. After an hour at room temperature, F-actin was 
collected by a3 hour spin at 70 000 xg and 40C. The pellets 
were re-suspended in 100ml of 10rM tris, 0.5irM ATP, 0.2rrM CaC12, 
]mM DTT,, using a glass hariogeniser. Frothing was avoided. F-actin 
was de-polymerised by dialysis overnight against 50 volumes of 
the same buffer at 4°C. G-actin was spun at 70 000 xg and 4°C 
for 1 hour to remove any polymerised actin. A second 
polymerisation was performed by the addition of 100mM KC1 and äßi 
MgC12. After an hour at room temperature the polymerised actin 
was collected by centrifugation at 70 000 xg and 40C for 3 
hours. The pellets were collected and hcmogenised in about 10ml 
of experimental buffer. The solution was then dialysed against a 
minimman of 250m1 re-suspension buffer. The high viscosity of 
actin made it necessary to spin the actin in a bench centrifuge 
for a few minutes to remove air-bubbles. Actin concentrations 
were assayed in a1: 50 dilution of the stock with experimental 
buffer. Care was taken not to introduce air-bubbles into the 
solution when mixing. Absorbance of the solution was scanned fron 
260 to 400rin and corrected at 280nm for light scattering 
artefacts by extrapolating a sloping baseline fran 360 to 380nm. 
The actin concentration was calculated using E1$280 = 11.04 an 
1 
(West et al., 1967) and 42kDa Mtw. (Elzinga et al., 1973). Yields 
fron lOg acetone powder varied between 150-200mg of purified 
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actin. Actin was either used in this form or further treated with 
a pyrene label for fluorescence measurements. Purity of actin was 
normally assessed by SDS-page polyacrylamide gels (Fig. 2.1a) and 
showed little variation between preparations. Actin solutions 
were kept at 4°C and were never older than 10 days. 
PURIFICATION OF TROPONIN/TROPoMYosiN 
The residue fron the actin extraction of the acetone powder 
were further treated to co-purify troponin and tropanyosin. The 
method by Potter (1982) was basically followed with 
modifications. All buffer used, contained DTI' to maintain the 
reduced state of TnC, which is thought to be essential for its 
functioning (Lehrer, 1975). 
Tropcznyosin/troponin (Mn/Tn) was extracted for 5 hours at 
roan temperature with 1M KC1,25mM tris, 0.1irM CaC121 0.1nM DTT, 
pH 8.0 at a 10ml/g dry actin powder ratio and then the homogenate 
was left at 4°C overnight. The suspension was filtered through 
cheesecloth and centrifugated at 12 000 xg for 30min at 4°C. The 
solids were discarded and the supernatant, which contains (Tn/Tm) 
was taken to 40% saturation. The addition of the (NH4)2so4 took 
20-30min, and the solution was then left for 15min before 
centrifugation at 12 000 xg for 30min at 4°C. The pellet was 
discarded. The supernatant was then taken to 55% saturation with 
a iium sulphate, and after leaving it for 15min, spun at 12 000 
xg for 15min at 4°C. The precipitate was re-dissolved in 1M KC1, 
25i*1 tris, 0.1r M CaC12,0.1mM DTr, pH 8 with the aid of a hand 
homogenizer. The protein concentration was determined by 
measuring absorbance at 280run (E1%280 of 3.8cm 
1, Hartshorne & 
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Figure 2.1a SDS-Polyacrylamide Gel of actin 
Figure 2.1b SDS-Polyacrylaxnide Gel of fractions obtained 
fron no Q Ion Exchange 
Fractions obtained from the Mono Q ion exchange colurm as 
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Mueller (1969); Mwt 150kDa, Greaser & Gergely (1971)) and 
adjusted to about 1mg/ml. This solution was then stirred rapidly, 
and with the pH being continuously monitored, adjusted to pH 4.6 
with 1M HC1. After 30min, the solution was spun at 12 000 xg for 
20min at 4°C, and the pH was re-adjusted to pH 7.0 with KOH. The 
pellet containing (fin) was discarded and the supernatant, which 
mainly contained troponin, was exhaustively dialyzed against a 
buffer of 25mM tris, 0. IW CaC12,0.1W DTT, pH 7 at 4°C. 
PURIFICATION OF 'INC 
To separate TnC from the troponin canplex, the protein 
solution was applied to a Fast Protein Liquid Chromatography 
(FPLC) column. Before loading the column, the solution was 
dialyzed against 10 volumes of äM urea, 50mM tris, 1mM IDEA, 
0.10M DTT, pH 8 overnight and then filtered through a sieve of 
0.25mn pore size. All buffers used, were milipored (filter size 
0.22un). The chemicals were of high grade quality. 
FPLC was performed on a Pharmacia FPLC system canprising 2x 
P500 pumps, FRAC100 fraction collector, UV1/UV imnitor. These 
were controlled by a LCC 500 gradient programer and the W 
absorbance was recorded on a Pharmacia chart recorder. Ion 
exchange chranatography on the FPLC was performed using a 
Pharmacia Mono Q (]ml) column. This is a strong anion exhanger 
with quarternary amine side chains. Before using the column, it 
was necessary to equilibrate it with 10 column volumes of a 
buffer containing 6M urea, 50mM tris, 1mM EIYrA, 0.1nM DTI', pH 8. 
Results, using the Mono Q column, were very reproducible. The 
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concentration of salt required to elute specific proteins was 
highly dependent upon the gradient used and results shown here 
indicate only little variation. Figure 2.2 shows one run on the 
Mono Q, using a TnC solution. For each run approx 7mg of protein 
is loaded on to the column and washed with 5 column volumes (5ml) 
buffer. The column was then eluted with a 0.5M KC1 gradient. The 
peak of ThC at 280nm absorbance is also shown for each run and 
illustrates the same concentration of KC1 required to elute it. 
Fig. 2.1b shows the fractions obtained fran the Mono Q ion 
exchange on a SDS-Polyacrylamide Gel, identifying sample number 30 
as pure TnC. The protein concentration was determined, using 
E1%280 of 1.41cm 
1 (Horwitz et al., 1979) and Mwt. of 18kDa 
(Collins et al., 1977; Zot & Potter, 1987b). Yields could be 
variable depending on the quality of the acetone dried actin 
powder, but between 15-20mg of purified TnC was obtained from 109 
of powder. 
LABELLING PN)PCNIN C WITH DANSYLAZIRIDINE (DANZ) 
TnC was labelled by the method of Johnson et al. (1978). The 
solution containing TnC from the FPLC no Q column was 
exhaustively dialyzed against 25mM tris at pH 8 and then 
equilibrated against the incubation buffer (1(kit4 potassium 
phosphate, 90nM KC1,2mM DGTA, pH 7,20°C) overnight. A stock 
solution of 0.01M dansylaziridine in absolute ethanol was used to 
label 2mg/ml solutions of TnC. The labelling was conducted in 
1.5M excess of DANZ to protein concentration under saturating 
Ca 2+ conditions (2.5mM Ca 
2+ in the above DGTA buffer solution). 
These reaction solutions of TnC and DANZ were incubated for 24 
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Figure 2.2 Elution profile of troponin C from tbno 4 Icn 
Exchange Colunn 
4 One run of TnC Ping protein) was loaded onto a lml mom 
FPLC ion exchange colLmm and run at a flow rate of ]ml/min. After 
washing, the column was eluted with a KC1 gradient, shown in the 
figure by the dotted line. The 280nsn absorbance was continuously 
monitored. mC was eluted in fraction number 30. 
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hours at ambient temperature and then dialyzed exhaustively 
against 10mM phosphate, 90mM KC1 and 2rM EGTA buffer at pH 7.0. 
An extinction coefficient for DANZ in ethanol of 4500 M-' at 
340nm was used. The amount of label incorporated into the protein 
was calculated using an extinction coefficient of 3980 M1 for 
dansyl fluorophore (Lin, 1978). The absorbance spectra of TnCDANZ 
(260-550nm) with an absorbance maxinam for DANZ at 340ni and for 
TnC at 280nm is given in fig. 2.3. 
A(: 'iN T AB TT T WITH N- (1-PYRENE) IODQACET MIDE 
Actin was covalently labelled at Cys 374 with N-(1- 
pyrene)iodoacetarnide essentially by the method of Kouyanna & 
Mihashi (1981) and Cooper et al. (1983), but with same 
modification (Criddle et al., 1985). The label was introduced to 
gain further information about the acto-Sl interaction. 
Actin was labelled as F-actin before the final 3 hour spin of 
the unlabelled preparation. After the polymerisation of actin for 
1 hour the solution was assayed, and the concentration determined 
as described above. The solution was then diluted to 1mg/ml with 
a buffer containing 100mM KC1 and 2ITM MgCl2. From the stock 
solution of pyrene iodoacetamide, kept in DMF at -20°C, 0.9mg 
was added per 100mg of actin. Labelling was conducted in 1.5M 
excess of pyrene label to protein concentration. The label was 
added to a beaker containing the stirring actin solution. The 
reaction was allowed to proceed at roan temperature in a dark 
environment for 18 hours. After incubation, the solution was spun 
at 5 000 xg for 1 hour to remove unreacted label and denatured 
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Figure 2.3 Absorbance spectrum of dansylaziridine (DANZ) 
labelled TnC 
Spectrum of TnC with 33% label incorporation. Label 
concentration: 35uM; me concentration: 116uM. Experimental 
buffer: 90mM KC1, tkm 1 potassium phosphate, 2n t4 E A, J1 7,20 
0C- 
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protein. Labelled F-actin was collected by centrifugation at 70 
000 xg and 40C for 3 hours. The pellets were resuspended in 
lani of experimental buffer, carefully hmogenised and dialysed 
overnight at 4°C against the experimental buffer. Lwnps of 
heterogeneous material, occasionally found in the preparation, 
were removed by passing through glass wool. 
Calculation of actin concentration was made difficult by the 
absorption of pyrene label at 280rmi. The concentration of pyrene 
in the labelled actin solution was calculated fron the absorbance 
at 344rmn, where actin absorption is negligibly, using E=2.2 x 
104 Mlcan 1 (Kouyama & Mihashi, 1981). Zb obtain the absorbance 
for pyrene at 280nm, the concentration of pyrene was multiplied 
by its extinction coefficient of 2.33 x 104 g -l cm 
1 
at 280nun 
(Griddle, 1985). Pyrene concentration was deducted from the total 
absorbance at 280nm, and actin concentration was determined using 
E1%280 = 11.04 CM -1 (West et al., 1967) and 42kDa Wt. (Elzinga 
et al., 1973). Label incorporation was normally between 90% and 
100% although over and underlabelling occurred. Reasons for this 
were assumed to be, impurity between batches of N-(1- 
pyrene)iodoacetamide or the labelling of a second site on actin. 
ABSORBANCE 
Absorbance measurements were carried out in a Pye-Unicam SP-8 
100 W spe- ter. Matched 3m]. or lml quartz cuvettes of 
lan path length were used for protein assay. Protein dilutions 
were normally made up in the cuvette with experimental buffer. 
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SDS-POLYACRYIAMIDE GEL ELECTROPHORESIS 
Polyacrylamide gel electrophoresis was performed according to 
Laernli (1970) on a BioRad protean dual slab gel supplied by 
Hoefer Scientific Instruments. Protein separation gels (12%) were 
made up in 25mM tris, 50mM sodium acetate, 0.5nV IDTA, 0.2% SDS, 
0.5% acrylamide and 0.5% bisacryalamide (electrophoresis grade 
chemicals). Samples were prepared by boiling for 4min in a sample 
buffer containing 10% glycerol, 10% SDS, 5% (v/v) 
mercaptoethanol, 2mmg/ml brcmophenol blue. Samples were run 
between 20-200ug protein not exceeding 150u1. Normally 4-5 hours 
were allowed for each gel to run at 60mA. Molecular weight 
protein weight markers were: alpha-lactalbtmtin (14kDa), trypsin 
inhibitor (20kDa), trypsinogen (24kDa), carbonic anhydrase 
(29kDa), glyceraldehyde-3-phosphate dehydrogenase (36kDa), egg 
albumin (45kDa) and bovine albumin (66kDa), unless otherwise 
stated. 
After electrophoresis, the gels were stained with 0.25% (w/v) 
Cocmassie R250 in destain mixture (20% (v/v) methanol, 7.5% (v/v) 
acetic acid) for 1 hour at 65 °C and destained in the above 
solvent mixture containing no Coanassie R250. Finally, they were 
washed in double distilled water and photographed. 
FLUORESCENCE AND LIGHT SCATTERING MEASUREMENTS 
Fluorescence and light scattering n asuranents were carried 
out on a Perkin Elner IS-5B luminescence spectrophotometer. The 
cell holder was thermostatically tesnperature controlled by a LIB 
2219 water bath with a temperature control within 0.1°C. 
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Normally, a 3ml four sided quartz cuvette of lan path length was 
used for equilibrium measurements, but for score experiments also 
a 800ul four sided quartz cuvette was employed. Additions of 
proteins or reagents were, either carefully stirred by hand so as 
not to cause formation of air bubbles or continuously stirred, 
using a Rank Bros 100 magnetic stirrer and a Spinbar F37150 flea. 
Magnetic stirring was only possible in a 3m1 cuvette. Pyrene- 
actin fluorescence was recorded by exciting at 365nm and emitting 
at 407nm. TnCDanz was excited at 340nm and emission was monitored 
at 510nm. Kinetic data were collected on a Perkin-Elmer R-100A 
chart recorder. The recorder output was digitized and transferred 
to a Hewlett Packard ccxnputer 300 for analysis. 
TITRA1OR 
A purpose built titrator was used for continuous titraticns. 
Solutions at 4. lul per minute were dispensed fron a 1ml Hamilton 
syringe via a plasic tube into the quartz cell placed in the 
luminescence spectrophotaneter. Mixing of the solution, titrated 
into the 3anl cuvette, was ensured through continuous stirring by 
a magnetic flea. Simultaneous recording of changes in 
fluorescence were collected on an EPSCN PCAX2 canputer and 
later transferred to the Hewlett Packard canputer 300 for 
analysis. 
STOPPED FIDW SPDCTROPHOTCNE'1 ER 
'I principle of this method is to mix two reactant solutions 
by rapid flow, to stop the flow and to observe the change 
continuously in an observation cell. The application and 
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limitation of the flow method are discussed in detail by 
Gutfreund (1972) . 
All experiments were carried out on an SF-4 stopped-flow 
spectrophotaneter supplied by Hi-tech Scientific Ltd., Salisbury. 
A schematic diagram of the flow unit is shown in fig. 2.4. The 
unit consists of two 2ml Hamilton drive syringes, which can be 
filled fron resefvoirs. The syringes are driven simultaneously by 
canpressed air from a pressure driven ram mounted upon the base 
unit. At 3 bar normal operating pressure, the dead time of this 
apparatus was measured to be 1.5msec (Millar, 1984). The 
solutions were rapidly mixed in a quartz observation/reaction 
cell inmersed in a thenrostated tank containing 50% ethylene 
glycol. The cell was set in fluorescence/light scattering mode 
with 2nm or 10mn path length. Light was transmitted to the cell 
via a quartz fibre optic light guide. fnitted light fron the 
reaction/observation cell was sent via a silvered quartz rod to 
the photomultiplier. The flow was stopped, using another äml 
Hamilton syringe. A micro switch was pressed by the stopping 
syringe to give a trigger pulse. The thermostated tank was 
mounted in a dewar flask, which accepted liquid nitrogen for low 
tenperature experiments. Temperature was regulated by an internal 
heater and thermocouple, which maintained the temperature within 
0.1°C. 
OPTICS AND DATA COLLEGTICN 
A purpose built stabilized power supply was the energy source 
for the 100W high pressure mercury lam (Wotan HBO) or Xenon 
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Figure 2.4 Stopped flow apparatus fron Hi-tech Scientific 
The schematic diagram shows the flaw module and the tWO 
different arrangenents of the mixing/observation cell to give a 
2nm or Ann path length for fluorescence of transmission (fram 
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lamp. The housing of the lamp in the stopped flaw and pressure 
jump apparatus was water cooled. Light was monochronated with a 
band pass width of 5nm by a Baush & Lath monochranator. Light 
scattering measurements of native actin were followed at 365nm 
and pyrene labelled actin at 410nm and 430nm. Fluorescence 
measurements on pyrene labelled actin and dansylaziridine 
labelled TnC were carried out, using exciting light at 365nm and 
340nm, respectively. Light was passed through a Schott UG 11 
filter for experiments at wavelengths less than 400nm to cut out 
higher order reflections. Absorbance spectrophotonetry of 
arsenazo III was performed at 655nm excitation wavelength. 
Emitted light was detected at 900 for fluorimetry or at 180° 
for absorbance spectrophotcmetry, using a photcmultiplier driven 
by an EMI PM28B per supply. For pyrene and dansylaziridine 
fluorescence a KV 393 glass laminate filter was placed in front 
of the photcmultiplier. The signal was electronically filtered 
by an unity gain amplifier. The time constant was normally (tc 
appr°x 5%) of the half time of the observed reaction for acto. S1 
and calcium. TnC by all kinetic methods used, except for acto. S1 
experiments by pressure jump (tc apprax 1%). 
High tension per to drive the photcmultiplier was adjusted 
so that the output was between -1V and -5V depending on the 
reaction being followed. The signal was then offset to zero volt, 
using the backing off on the unity gain amplifier. 
Transient recorders were triggered by a five volt pulse, 
opening the microswitch on the stopping block of the stopped flaw 
machine, by a quartz pressure transducer in the pressure jump 
apparatus or internal pulse in the temperature jump machine. The 
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pulse was supplied by a purpose built power source. Voltage 
output from the photanuliplier was then digitizied by an analog 
converter (1401) supplied by Cambridge Electronic Devices, before 
being transferred to a Hewlett Packard 300 computer for analysis. 
Transients fron tenperature jug experiments were recorded on a 
Nicolet 3091 digital oscilloscope before being transferred to a 
HP 300 computer. A 10% pre-trigger was used for data collection. 
Data was normally stored on double density disks and analysed 
either as single or averaged traces. Hard copies of the data were 
obtained, using a Hewlett Packard Quiet Jet Plus printer or 
Hewlett Packard 7070A plotter. 
PRESSURE JUMP APPARATUS 
i1he principle of the pressure jurnp method is that a reaction 
mixture at equilibrium is suddenly exposed to a large pressure 
change. The rapid shift in equilibrium concentrations of the 
reaction mixture, due to the pressure perturbation, is then 
followed spectro& otaretrically. The application and limitation 
of the relaxation method are discussed in detail by Gutfreund 
(1972). 
For presste e changes of 100 atmospheres or less, the 
magnitude of molar volume changes in aqueous solution are known 
to be sufficiently small to be interpreted by the equation; 
QK/K = eXP xAP /RxT 
where (K = equlibriun constant; Vo = standard volume change; P 
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= pressure; R= gas constant and T= absolute temperature) the 
equilibrium constants and thermodynamics can be calculated. 
Chemical relaxation times can thus be related to rate constants 
and to the equilibrium concentrations of chemical species in 
solution. 7he use of this technique on an acto. S1 system is 
described by Geeves & Gutfreund (1982), Coates et al. (1985) and 
Geeves & Halsall (1986). 
The schematic representation of the pressure jump apparatus 
in fig. 2.5 is based on a design by Davis & Gutfreund (1976). The 
observation cell (A), holding approac 1m1 of solution, can be 
filled via two ports. Pressure is exerted to the observation 
cell via a teflon MEStrane from the hydraulic chamber (B) . This 
chamber is filled with oil via a hydraulic pressure line (G), and 
pressure is applied using a Merlin hand pump. The observation 
cell filling and enptying ports (H+I) are mounted at 300 angle, 
enabling air free filling of the cell. Air bubbles, present in 
the system, can distort or even break the membrane and can 
interfere with signal detection when in the lan light path. 
Release of pressure can be achieved in different ways: a) via 
a manually operated tap in the hydraulic pressure line within 
1Qnsec; b) via a mechanical trigger mechanism in less than 
200usec; or c) via a bursting disk mechanism within 25usec. For 
experiments, using the acto. S1 system, the mechanical release was 
used. This method allowed consecutive collection of traces after 
the pressure release (200usec). Traces were averaged to increase 
the signal to noise ratio. Faster release time was not used for 
reasons of easy repetition of experiments. Pressure release was 
nearly linear in all cases. Temperature regulation was achieved 
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Figure 2.5 The pressure jump apparatus 
The diagram shows the cell and trigger mechanism taken fron 
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Schematic representation of the pressure jump apparatus. 
The instrument is composed of the following components: A, 
observation cell; B, hydraulic chamber; C, absorbancy photo- 
multiplier; D, thermostatted base; L, quartz fibre optic from 
light source; F, quartz pressure transducer for the triggering of 
data collection; G, hydraulic pressure line; 1-1 and I, observation 
cell filling and emptying ports; J, fluorescence emission window; 
K, bursting disc pressure-release valve; L, mechanical pressure- 
release valve; M, trigger mechanism; N, reset mechanism; 0, 
valve seat; P, phosphorbronze bursting disc. 
by connecting a Grant flora water bath to the base (D) of the 
apparatus. 
Light was introduced via a quartz light guide (E) and 
detected at 90 0 for fluorimetry (J) or at 180° for absorbance 
spectrophotanetry (C). A quartz pressure transducer was used for 
triggering of data collection (F). Otherwise, the optical and 
data collecting system was the same as described above. 
TEMPERATURE JUMP APPARATUS 
The principle of this method is that the telTiperature of the 
cell containing the reaction mixture at equilibrium, is suddenly 
raised by 3-50C. The relaxation process is then followed through 
the change in optical properties. The application and limitation 
of this relaxation method are discussed in detail by French & 
Haumies (1969). 
Fast temperature changes can be achieved by Joule heating, 
microwave pulse heating or by infrared laser pulse heating. The 
time resolution of the apparatus is determined by the heating 
method employed. The temperature after the jump is held for not 
longer than a few seconds (1-5sec) because of convection and 
thermal conduction. This places an effective limit on the 
slowness of reactions that can be studied by this method. 
For a solution, containing substances at chemical equilibria, 
rapid temperature perturbation alters the concentration of the 
chemical species. The magnitude of the concentration change is 
dictated by the laws of thermodynamics; 
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Figure 2.6a The tenperature jitp apparatus 
The diagram illustrates the principle of the temperature jump 
apparatus of the Joule heating type. Temperature jug system 
(inside the broken line): (H) high tension power supply (0-50kV); 
(C) capacitor (0. OluF) ; (G) spark gap; (OG) observation cell. 
Detection system: (L) light source; (M) nonochranator; (PM) 
photomultiplier; (AMP) amplifier; (OS) oscilloscope (taken from 
Hiram, 1979). 
Figure 2.6b Cell of the temperature jump apparatus 
Cell used: (A) brass; (B) plexiglass; (C) + (E) electrodes; 
(D) observation windows; (F) 0 ring. 
(1) + (8) electrodes; (4) sample solution; (5) window for 
excitation beam; (6) observation window (conical lenses) for 





With discharge of 25kV from the O. OluF capacitor a 5°C 
teerature change was achieved within a few usec. Cccrlete 
tenperature equilibration after each flash was measured to be 
within 2sec. 
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CHAPTER 3 TEE EFFEX T OF IONIC STRfl GTh, SOLVENTS, 
TEMPERATURE AND M(DNYJALFNT ANIONS ON THE 
INTERACTION OF ACTIN TO MYOSIN SUBFRAGMENT 1 
(Si) 
INTRODUCTION 
Coates et al. (1985) have shown, using pressure relaxation 
method that the association between myosin subfragment 1 (Si) and 
actin occurs in a two-step binding preceded by the formation of a 
collision ccuplex. In the first step Si binds to actin to form a 
weakly "attached" state and then iscmerizes to a "rigor-like" 
ccxnplex. This transition between the two states is believed to be 
closely associated with force generation in muscle (Geeves et 
al., 1984). In their study, Coates et al. (1985) also showed that 
temperature, ionic strength and organic solvent had a significant 
influence on the individual steps of the reaction. 
It is possible that Si binds to actin at two distinct sites 
and that Si can bind at one site to give an "attached" state and 
binding at both sites is required to give the "rigor-like" state. 
Previously, Mornet et al. (1981a) had investigated the topography 
of an acto. S1 rigor complex by cross-linking technique and 
results showed that the myosin head Si enters into a "van der 
Waal" contact with two neighbouring actin monomers. Structural 
evidence that myosin heads may interact with two sites on F-actin 
was produced by Amos et al. (1982). The apparent existence of two 
independent sites of contact between Si and F-actin in the rigor 
state suggested to these authors that the interaction during an 
active stroke might involve different Si binding configurations. 
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In their X-ray diffraction work, Huxley & Kress (1985) also 
favoured two classes of cross-bridge attachment. During initial 
tension developnent most cross-bridges bind to actin in the 
weakly attached state, producing no tension and then, when fully 
active, the cross-bridges move into the strongly attached state, 
producing tension. 
The purpose of this chapter is firstly to examine the effects 
of anions, temperature, ionic strength and organic solvents on 
acto. S1 in more detail, and secondly to use the differential 
effect of these parameters to stabilize acto. S1 in the weakly 
"attached" state, which would allow for structural studies of the 
two states. Results fran steady state titrations, stopped flow 
and pressure jump experiments of acto. S1 will be presented. 
RESTS 
Equilibrium binding measurements 
The high sensitivity of the pyrene fluorescence allowed the 
association constant of S1 for pyr-actin to be measured directly 
by fluorescence titrations. Fluorescence quenching was linear 
with S1 concentration until a stoichianetry of 1: 1 with actin was 
reached at approx 70-80% quenching (Kouyama & Mihashi, 1981; 
Griddle et al., 1985). Fig. 3.1 shows the hyperbolic dependence 
of pyrene fluorescence with respect to total S1 concentration. 
The data obtained from the steady state titration were corrected 
for dilution effects upon addition of Si and analysed by a non- 
linear least square fitting routine to the following equation as 
described by Geeves & Jeffries (1988); 
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Figure 3.1 Fluorescence titration of myosin subfragment 1 (Si) 
against pyrene labelled actin 
The fluorescence titration was performed by adding S1 into a 
fluorescence cuvette containing 3m1 of 0.5uM pyr-actin, 0.1M KC1, 
5mm MgC12,20cnM cacodylate, pH 7,20°C. The data were analysed 
as described in the text and the solid line is the best fit. 




[Si l (UM) 
[A]0 OC - O'C([A]0 + [M]o + Kd) + [M]o =0 
where [A] 0 
is the starting concentration of actin, [M]o is the 
total concentration of Si added, Kd is the dissociation constant 
and 0(- is the fractional saturation of actin by Si. OC is 
defined in terms of the fluorescence signal, F as; 
0C_ (F0-F) / (F0-Fap) 
where F0 and F ,,, o are the fluorescence signals for zero and 
infinite S1 concentrations, respectively. 
The fitted line gives a Kd of 0.09uM (Kass - 11 x 106 M-1 ) 
(table 3.1), which is in agreement with measurements by Criddle 
et al. (1985) and Geeves & Halsall (1986). For the determination 
of the binding constant, actin concentrations similar to the 
reciprocal binding constant were used. Values shown are averages 
of experiments, which give a value for the reciprocal binding 
constant within 2 fold of the calculated total actin 
concentration. 
It has previously been reported that chloride can bind to 
proteins specifically and inhibit protein-protein interactions 
(Giles, 1987), therefore, titrations in the presence of 
different monovalent anions were performed. Results in table 3.1 
indicate that other anions at 0.1M concentrations caripared with 
chloride had only a small effect on the association constant, 
decreasing it slightly. An increase in salt concentration fron 
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Table 3.1 Association constants for the interaction of pyr- 
actin with Si in the presence of different 
monovalent anions as determined by fluorescence 
titration 
Buffer conditions: 20tM4 imidazole, 5mM Mg-acetate, pH 7' 
20°C. (*) Magnesium acetate was replaced by MgC12. Actin 
concentrations were near the reciprocal binding constant. Numbers 
in brackets are standard deviation and the number of 
observations, respectively. 
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0.1M to 0.5M, however, reduced the association constant for 
chloride, bicarbonate and bromide significantly and less so for 
acetate and proprionate. 
The effect of organic solvents in the presence of different 
monovalent anions on the acto. S1 interaction was also examined. 
40% ethylene glycol in 0.1M chloride reduced the association 
constant by a factor of 5, and in 0.1M acetate showed only a 
small decrease in Kass' An increase in chloride concentration to 
0.3M demonstrated an insignificant change in Kass to that 
observed at 0.1M (table 3.2). 
Dimethylsulphoxide (DMSO) 20% in 0.1M chloride reduced Kass 
by a factor of 2. DMSO in excess of 20% resulted in 
depolymerization/denaturation of F-actin. 
Pressure relaxation measurements 
The effect of a 100atm pressure perturbation on the 
fluorescence of a pyrene-actin and S1 solution in 0.5M acetate 
is shown in fig. 3.2. Two distinct relaxations are apparent: one, 
which is carplete within the pressure release tine of the 
apparatus (200usec. ) and the other, which could be fitted by a 
single exponential. Coates et al. (1985) described the rate of 
the faster relaxation (1/t) as; 
1 
1/r = k+2 + k-2 
1 
and the rate of the slower relaxation (1/, ý) as; 
1 
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Table 3.2 Equilibrium constants for the interaction 2LW 
actin with Si 
Association constants were obtained by fluorescence 
titration. Values for K0K1 were determined by pressure jtRA 
expern-ent and values for K2 was calculated from the equation; 
Kass 0K1 x (1 + K2) . Volume changes were estimated as 
described in the text. Numbers in bracket are the standard 
deviation and the number of observations, respectively. Buffer 
conditions as in table 3.1. 







O. 1M chloride 11x106 7x104 160 71(+/-37; 6) 
0.5M chloride 0.3x106 0.7x104 42 33(+/-1.5; 5) 
O. 1M acetate 9.1x106 7x104 130 47(+/-18; 6) 
0.5M acetate 1.1x106 4.6x104 25 20(+/-1.7; 7) 
20% DMSO 5.0x106 8x104 62 48(+/-10; 8) 
O. 1M chloride 
40% Et. Gly 
t t 1M O 6 6 106 8 4 4 ace a e . . x . x10 36 23(+/-12; 6) 
40% Et. Gly 2.0x106 10x104 20 34(+/-11; 6) 
O. lM chloride 
40% Et. Gly 1.1x106 8x104 14 48(+/-17; 6) 
0.3M chloride 
Figure 3.2 Pressure induced relaxations of a solution of 
pyrene labelled acto. S1 
Pressure induced changes in the fluorescence of a solution of 
pyrene labelled acto. Sl. The arrow indicates the time of pressure 
release, the pressure release in each case being a decrease from 
10.1MPa (100atm) to 101kPa (latm). Each trace represents the 
average for five relaxations on the same solution, and the best 
fit single exponential to the slow phase is sup}eerimposed. (i) 
5uM pyr-actin, 10uM Si; 1/, e = 2.5 s-1; ratio of the amplitudes 1 
-1 (anp. l/amp. 2) = 0.28; (ii) 5uM pyr-actin, 25uM Si; 1/, ' = 9.2 s 
(amp. l/aß. 2) = 0.91. Reaction conditions: 0.5M acetate, 20W 
imidazole, pH 7,20°C. 

1 
K0 x k+1 x ([A] + [S1]) 
K0 x ([A] + [S1]) +1 
k-1 
1+ K2 
(Bars denote equilibrium free protein concentration, which were 
calculated, using the binding constants obtained from 
fluorescence titrations). As the second relaxation rate is 
linearly dependent on free protein concentration then K0 x ([A] + 
(Si]) « 1. The gradient of a plot of 1/, l. versus 
free protein 
concentration, as shown in fig. 3.3a, is then equal to Kok+l. The 
intercept of this plot was poorly defined, indicating 
k_1/(1 + K2) is small. The association rates (Kok+l), which were 
relatively insensitive to the value of the binding constant used, 
agreed with association rate constants obtained, using stopped 
flcxi methods. Average values for the association rates fron 
pressure relaxations measurements are shown in table 3.3. 
The relative magnitudes of KoK1 and K2 can be determined 
by the size of the fast (a1) and slow (a2) relaxation amplitude. 
Fig. 3.3b shows that the relative amplitude of the fast phase 
increases with free protein concentration. The ratio of the two 
amplitudes is defined by the following equation; 
(al) 1 (1 + K2) 
+KKx ((Ä] + [S1] ) 
(a2) K2 01 K2 
The plots are shown in fii 3.3b and are linearly dependent on 
free protein concentration. The intercept (1/K2) was poorly 
defined by these data as it is small. Therefore, (1 + K2)/K2 
equals approx 1; so the gradient of these plots defines Kö 1. The 
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Figure 3.3 The dependence of pressure induced relaxations of 
pyrene acto. S1 on free protein concentration 
(a) Plot of the reciprocal relaxation time of the slow phase 
of the relaxation against the free concentration of pyr-actin and 
Si. The line represents the best fit to the data giving a value 
of 0.4 s-1 for the intercept and a gradient of 3.2 x 105 M 
is 1" 
(b) Plot of the ratio of the observed ar plitudes 
(anp. 1/anp. 2) against the concentration of free pyr-actin and S1. 
The line represents the best-fit line to the data and gives a 
gradient of 4.6 x 104 g -l and an intercept of 0.1, which is not 
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Table 3.3 Rate constants for the interaction of pyr-actin 
with Si 
Association rate constants were obtained from pressure junp 
and stopped flow experiments. Dissociation rate constants were 
determined by stopped flow displacement experiments. (*) k_1 was 
calculated from the ratio Kk /K K n. m. = not measured. o +1 0 1' 
Buffer conditions as in table 3.1. 
ok+1 k-1 k-1* 
1+K2 
Method P-Jump Stopped-flow 
(M-1 x s-1) (s-1ý (S-1ý 
Potassium 
salt 
0.1M 12.8x105 12.6x105 
. 21 18 chloride 
0.5M 2.3x105 1.77x105 
. 85 33 
chloride 
0.1M 9.6x105 10x105 . 16 14 
acetate 
0.5M 3.2x105 4.61x105 . 33 7 acetate 
20% DMSO 3.2x105 n. m. . 06 4 0.1M chloride 
40% Et. Gly 3.75x105 n. m. n. m. 2 
0.1M acetate 
40% Et. Gly 2.4x105 n. m. .1 2.4 0.1M chloride 
40% Et. Gly 1.1x105 n. m. .1 1.4 0.3M chloride 
overall binding constant was then used to calculate K2, using the 
relationship Kass = 0Kl x (1 + K2). The results from such 
analysis are shown in table 3.2. 
Data fron these experiments gave a better understanding of 
the effects of the different parameters used and enabled 
determination of the equilibrium constants of each step. 
The difference in Kass observed between acetate and chloride 
at 0. lM is reflected in a change in K2. The increase in chloride 
and acetate fron 0.1M to 0.5M decreased K2 by a factor of 4-5. 
The value for KoK1 remained the sane for acetate by this increase 
and showed for chloride a decrease by a factor 10. These results 
can be interpreted as an ionic strength effect on K2 and a 
specific chloride effect on K0K1. Similar results are also 
expected for bromide and bicarbonate (table 3.1). 
The presence of organic solvents in 0.1M chloride or 0.1M 
acetate shows no effect on K0Kl, but significantly affects K2. A 
decrease by a factor 2-8 in K2 can be noted. Using these organic 
solvents an increase in chloride to 0.3M shows no effect on KoKI 
or K2 (table 3.2). 
Stopped flow measurements 
The association rate constant was also obtained by stopped 
flaw methods, which showed good agreement with the slow phase of 
pressure relaxation measurements. 
Pyr-actin was mixed with an excess of Si in the stopped flow 
spectrophotaneter under pseudo-first order conditions. The 
fluorescence decay could be described by a single exponential at 
all concentrations of Si used. Fig. 3.4 shows typical results for 
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Figure 3.4 The rate of association of Si with pyrene actin 
The trace represents the average of five consecutive 
measurements in the stopped flow apparatus. Best fit to a single 
exponential is shown superimposed. The arrow indicates the time 
of flow stopping. Buffer conditions: 0.5M acetate, 5mM Mg- 
acetate, 20 n imidazole, pH 7,20°C. Protein concentration: 5uM 
pyrene-actin and 7.5uM S1. The observed rate (kobs) 2.5 s-1. 
The fluorescence signal decreases. The size bar is relative to 
the final fluorescence value. 
100% F 
. 2s 
fluorescence transients with least squares best fit exponential 
superimposed. The observed rate of the fluorescence decay was 
linear with respect to total Si concentration [S1]0. Assuming 
scheme I describes these results over this concentration range, 
the observed rate of fluorescence decay is described by the 
following equation (Geeves & Halsall, 1986); 
scheme i) kobs 
ök+l [S1]0 k-1 
K0 [S1]0 +1 (1 + K2) 
As the observed rate is linear with respect to [Si] of 
[S1]0 x K0 
«1 and k+o + k_o » k+1, k_1 and k+2 + k_2 » k+l, k_1 then the 
gradient of fig. 3.4 will give the value Kok+l. The least squares 
best fit is shown superimposed. The intercept of this plot, which 
is a measure of the "off" rate, was too small to be significant 
indicating k_1/(1+K2) is small. This rate was, therefore, 
estimated by displacing the labelled actin with a small excess of 
S1 by the addition of a5 fold excess of unlabelled actin as 
described by Criddle et al. (1985) (fig. 3.5). The observed rate 
corresponds to k_1/(1+K2) and was unaffected by increasing the 
concentration of native actin used in the experiment. 
The kinetic data obtained fran stopped flow experiments are 
presented in table 3.3. The data are in agreement with the known 
effect of ionic strength on the rate of association of actin and 
Si (Finlayson, 1969; White & Taylor, 1976; Criddle et al., 1985). 
Similar rate constants were obtained for chloride and acetate at 
0. lM and 0.5M concentrations, respectively. An increase in salt 
+ 
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Figure 3.5 Stopped flow displacement of pyr-actin fron pyr- 
acto. Sl by addition of excess native actin 
Change in fluorescence on mixing 2uM pyr-actin and 2. luM Si 
with lOuM actin. The trace is a single reaction in the stopped 
flow apparatus and the ccnputer-drawn best-fit exponential is 
superinposed + slope, kobe = 0.33 s-1. Buffer: 0.5M acetate, 5mM Mg- 
acetate, 20mM cacodylate, pH 7,20°C. Fluorescence signal is 
increasing. The size bar is relative to the maximum signal. 
4s 
concentration or the addition of organic solvents reduced the 
rates by a factor of 3-4. As the equilibrium constant (KOK1) did 
not change by these treatments (except for 0.5M chloride) these 
changes must, therefore, be reflected in k-1. Increasing chloride 
fron 0.1M to 0.5M reduced (K0Kl) by a factor of 10 and as ök+1 
was decreased by a factor of 4-5, the attached state is 
destabilized by an increase in k_1. The independently measured 
"off" rate (k_1/1 + K2) shows also a larger value for chloride 
than for acetate at 0.5M or for O. 1M and 0.3M salt concentration 
in the presence of organic solvents, which reflects an overall 
weakening of the acto. Sl carplex (table 3.3). 
sture effect on equilibrium and rate constants 
The effect of temperature on the two step binding of actin to 
S1 has previously been reported by Coates et al., (1985) for 0.1M 
chloride. It was noted that Kass was reduced by a factor of 10 
when the temperature was lowered fron 20°C to 2°C. This change 
was reflected in a significant drop in the rate of association 
and in a smaller decrease in the equilibrium constant K°K1. The 
results of an experiment carried out in 0.1M acetate over the 
same temperature range are presented in table 3.4. 
The equilibrium constant Kass is only reduced by a factor 2 
over the temperature range studied here and the decrease in Kö 1 
is reflected in an increase in K2. Most noticable is the large 
reduction of the association rate, which has been observed 
previously (Marston, 1982; Geeves & Gutfreund, 1982; Criddle et 
al., 1985) and a smaller reduction in the equilibrium constant 
K 1' 
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Table 3.4 The rate and equilibrium constants for the 
interaction of pyr-actin with Si at different 
temperatures 
Association constants (Kass) were obtained by fluorescence 
titration. Values for K0K1 were determined by pressure jump 
experiments and values for Kass 0K1 x (1 + K2). Rate constants 
were established from stopped flow experiments. Volume changes of 
the pressure sensitive step K2 were calculated as described in 
the text. Numbers in bracket are the standard deviation and the 
number of observations, respectively. Buffer conditions as in 
table 3.1. 
0.1M Potassium Kass 0K1 K2 K0 +1 Volume change acetate 
(M1) (M-1) (M 
1s-1) (cm 3 /mol) 
at 20.0°C 9.1x106 7x104 130 9.6x105 47(+/-18; 6) 
at 12.5°C 7.0x106 5x104 140 7.1x105 49(+/-17; 7) 
at 8.2°C 6.0x106 3.5x104 171 4.5x105 76(+/-12; 5) 
at 4.0°C 5.0x106 2.7x104 185 2.1x105 91(+/-10; 6) 
at 2.00C 4.0x106 2x104 200 1.5x105 110(+/-37; 6) 
The effect of temperature on the rate and equilibrium 
constant is shown in fig. 3.6 and the thermodynamic data 
calculated from the Arrhenius and van't Hoff plot are shown in 
(table 3.5). Both plots indicate a discontinuity around 10°C and 
a sharp difference in entropy below and above the breakpoint, 
which could be due to the change in environment or due to a 
conformational change. Millar & Geeves (1983) also observed a 
breakpoint around that temperature for ATP-induced dissociation 
of acto. S1. These workers interpreted their findings with a 
conformational change in either protein. 
From the thermodynamic data in table 3.5 it can be seen that 
L G+ (the free energy difference between the two states) for the 
reaction remains relatively constant under all conditions, and 
that the change in Q H+ is due to a large change in A S+. This 
indicates same change in order of the system is occuring at a 
critical temperature (Tn) . 
Voltare changes 
Geeves & Gutfreund (1982) and Coates et al. (1985) noted in 
their pressure relaxation studies a substantial volume change 
when perturbing the acto. Si complex. From this, these authors 
suggested a substantial rearrangement of the hydration sphere 
around the proteins and possible conformational change. Using the 
calculated values for K2 and the known signal amplitudes, VWD is 
calculated by the following equation; 
QK/K = -6PxV0/RxT 
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Figure 3.6 Arrhenius and Van't Hoff plot 
(A) Arrhenius plot of the variation of the rate of 
association (ok+l) of acto. S1 with temperature. 
(B) Van't Hoff plot of the variation of the equilibrium 
constant (KoK1) of acto. S1 with temperature. 
Buffer: 0. iM acetate, 5mM Mg-acetate, pH 7. 
103 /T(K`1) 
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Table 3.5 Thernodynamic data for the equilibrium and rate of 
association of acto. Sl 
The thermodynamic data were calculated using the following 
equations; 
(1) In k= in A- (Ea/ Rx T) (Arrhenius equation) 
(2) /1H+=E -RxT a 
(3) G+ =6 H+ -TQ S+ 
(4) A S+ =Q H+/T +Rx In (k/ (kB xT/ h) ) 
K QHox (T - T) 
(5) log 2=21 (Van't Hoff equation) 
K1 2.303 xRx T1 x T2 
(6) L Gý= -RxTx lnK 
(7) QG0= IP - TAS° 
With the following values for the constants: R (gas constant) = 
8.31 JK lmol 1, kB (Boltzmann constant) = 1.38 x 10-23 JK 
1, h 
(Planck constant) = 6.62 x 10-34 J and T (absolute temperature). 
Van't Hoff Plot 
öKl L H° e S° 
(kJ/mo1) (kJ/mo1) (J/mol/K) 
2°C 58.2 -22.4 294 
20°C 31.1 -27.2 198 
Arrhenius Plot 
ök+1 L H+ G+ 0 S+ 
(kJ/mol) (kJ/mol) (J/rrol/K) 
2°C 112.2 39.9 263 
20°C 24.8 38.1 -45 
Results in table 3.2 indicate that increases in ionic 
strength or the addition of organic solvents tend to reduce the 
volume changes by approx a factor of 2. Volume changes for 
temperatures ranging from 2°C to 200C in 0. lM acetate show a2 
fold increase with decreasing temperature (table 3.4). 
DISCUSSION 
The effect of ionic strength 
Increased ionic strength or the addition of organic solvent 
has very little effect upon the equilibrium constant (K0K1) for 
the attached state but produces a marked reduction on the 
iscmerization (K2). This is similar to the effect of binding 
nucleotide or nucleotide analogues to the ATPase site where K2 is 
markedly reduced with little effect upon K0K1 (Geeves et al., 
1984; Geeves & Jeffries, 1988). In the case of nucleotide this 
effect is believed to be the result of a nucleotide 
conformational change in Si, which is camtunicated fron the 
nucleotide binding site to the actin binding site, which are 
separated by sane 4nm. As ionic strength and the two organic 
solvents will have a different influence on electrostatic 
interactions, hydrogen bonding and hydrophobic interactions, it 
seems unlikely that both treatments could bind to the nucleotide 
site and induce a similar conformational change. A more 
reasonable explanation is that these effectors stabilize the 
protein conformation. 
Warren & Cheatum (1966) investigated the structure and 
activity of myosin and noticed that the environmental changes, as 
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those induced by addition of monovalent anions to the medium, can 
"push" the protein across a phase transition boundary with the 
resultant formation of a different structure. At concentrations 
above 0.3M salt, the activity and structure was increasingly 
affected, following the Hofmeister series (Hofmeister, 1888): 
CH3000 < Cl < N03 < Br (Warren et al., 1966). Stafford (1985) 
examined the effect of different anions on the stability of 
myosin and reported that chloride destabilized and acetate 
stabilized the entire macromolecule. These results support the 
observations of acto. Sl in this chapter that chloride has a 
destabilizing effect compared to acetate. 
The effect of solvents 
Although an increase in ionic strength or the presence of 
organic solvents have a similar effect on the equilibrium 
constant K21 their influence on the hydrophobic and electrostatic 
interaction will be different. The general effect of ethylene 
glycol on biological systems has been well characterized, and it 
has been considered to be an inert solvent for proteins (Tanford 
et al., 1962). Kay & Brahms (1963) showed that the conformation 
of HIHI in the presence of up to 67% ethylene glycol is slightly 
modified. Tregear et al. (1984) reported a shift in the S1 
structure in the presence of 40% ethylene glycol towards the weak 
binding conformation with actin and a stabilization in that 
conformation. It seems, therefore, unlikely that increases in 
ionic strength and organic solvent induce similar conformational 
changes. 
There have been few detailed studies of the effects of 
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solvent on protein-protein interactions and studies which have 
isolated individual events are still rarer. Much of the 
literature has been concerned with the influence of ions and 
organic solvents on protein folding, which is influenced at high 
salt concentrations and organic solvents by changes in water 
structure (Eagland, 1975; Giles, 1987). 
The effect of pressure 
Analysis of the amplitudes of the pressure relaxation 
indicates that the reaction involves a volume change of apprax 
100cm /mol 1 (0.1M KC1), which is indicative of a protein 
conformational change (Coates et al., 1985). 
Generally, protein association involves mutual penetration of 
hydration layers to form a hydrophobically associated species 
followed by other intermolecular interactions. This hydrophobic 
association is the result of the tendency of water to form a more 
ordered structure in the vicinity of nonpolar hydrocarbon groups 
(Ross & Subramanian, 1981). 
Volume changes are usually the result of a reduction of bulk 
water surrounding the proteins as this has a larger volume than 
the ordered structure of water. 
The high concentration of ions or the presence of organic 
solvent concentrations may have same effect on the order of free 
water surrounding the protein and, thereby, reduce the 
perturbable volume. This effect then reduces the free energy 
difference (principally 11 S) between bulk water and the water of 
the protein hydration shell. This smaller free energy difference 
may result in a lower binding energy for the protein-protein 
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interaction. Although K2 is not sufficiently well defined for QV 
to be calculated with any meaningful precision, but the data do 
suggest that nv is reduced by a factor of two at 0.5M ionic 
strength and in the presence of organic solvents (table 3.2). 
A decrease in temperature fron 20°C to 2°C is associated with 
an increase in volume change in the mass of water by a factor of 
2 (table 3.4), which reflects a change fron an ordered to a 
randomized water structure. This can be explained by the 
enhancement of solvent structure by the dissolution of nonpolar 
groups (usually hydrocarbons) in water, which is greatest at low 
temperature. The tendency for hydrophobic association is 
increased because of this and the amount of bulk water released 
beccimes larger; bulk water having a larger volume that the 
ordered water associated with the hydration shell (Kauzmann, 
1959). 
The effect of teerature 
For most protein-protein interactions a linear Arrhenius plot 
is a cacmon feature. However, a non-linear plot, as observed in 
the association reaction (ök+l) of actin and Si, can reveal 
important mechanistic information and such plots are good 
evidence for a structural or phase change in the proteins 
involved at a certain critical Brature (Londesborough, 1980). 
Discontinuous Arrhenius plots have been reported for ATP-induced 
dissoociation of acto. S1 (Millar & Geeves, 1983) and for ATP 
binding to S1 (Biosca et al., 1983). 
Although the calculation of thermodynamic parameters is an 
easy task, their interpretation is not. There is same evidence 
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for a conformation change fron the breakpoint in the plots, which 
is reflected also in the large entropy change. However, another 
most likely source of such large entropy increase seems to be 
displacement of water fron the surface area of the two proteins, 
which come in close contact during association. As charged and 
hydrophobic side-chains groups are involved in the acto. S1 
interaction (Kodana, 1985), the surface charge, which can be 
inferred fron the ionic strength dependence of the binding 
constant, becomes important. It is concluded that the release of 
water molecules fron aliphatic chains of acto. S1 could, 
therefore, also account for a change in entropy (Highsmith, 1977; 
Borejdo, 1983). 
The effect of the different conditions on the two-step binding 
Fran the results shown here only a few general statements 
about the nature of the reactions in the two-step binding can be 
made. The equilibrium constant 0Kl appears to be unaffected by 
ionic strength or by the presence of the two organic solvents, 
but is influenced by temperature. Chloride concentrations above 
0.1M destabilize the attached state by increasing the rate of 
dissociation. There is a general ionic strength and organic 
solvent effect and a specific temperature effect on the rate of 
formation of the attached state. It is ]mown that the formation 
of the attached state is a complex reaction and, therefore, an 
effect on the formation of the collision complex cannot be 
distinguished fran an effect of the rate of the transition to the 
attached state. 
The isccnerizatical step K2 is affected by ionic strength, and 
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the effect appears to be relatively independent of the nature of 
the anion used. A similar effect is produced by organic solvents. 
Tenperature has only a marginal influence on K2. 
CQVCIuSICNS 
The data presented here show how different conditions can be 
used to occupy preferentially one of the two acto. S1 states. 
Ionic strength and organic solvent can be used to reduce the 
"rigor-like" state without reducing the occupancy of the 
"attached" state. However, it was not possible to find conditions 
which would allow the acto. Sl ccxnplex to be mainly in the 
"attached" [A-N] state. Under all conditions more than 90% of the 
acto. Sl complex was in the "rigor-like" [AM] state. 
However, recent experiments performed in the presence of ADP 
at different ionic strength and also in the presence of solvent 
showed that the effects of solvent and ionic stength on KOK1 are 
maintained under these conditions (Geeves & Jeffries, 1988). It 
was demonstrated that the value for K2 could be reduced to 10 
(0.14 KC1,200C) and even further in the presence of ethylene 
glycol. This suggested, that it may be possible to use both 
solvent and ADP to trap a stable [A-MD] state for structural 
analysis. 
The following chapter examines the effect of ADP in the 
presence of different anions at different ionic strength in order 
to find conditions where K2 could even be further reduced. 
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CHAPTER 4 THE EFFECT OF DIFFERENT ANIONS AND IONIC 
STRENGTH ON THE ISC RIZATION STEP OF ACTO. S1 
IN THE PRESENCE OF ADP 
INTRODUCTION 
Studies in chapter 3 have shown that the fluorescence of 
pyrene labelled actin monitors the isanerization step of the 
acto. S1 binding canplex in the absence of nucleotide. The 
equilibrium of this step was demonstrated to be sensitive to 
different experimental conditions, however, varying conditions 
produced < 5% of the acto. Sl canplex in the weakly "attached" 
State. 
Investigations by Geeves et al. (1986) have shown that the 
fluorescence of the pyrene group monitors this step also in the 
presence of nucleotide. This allowed Geeves & Jeffries (1988) to 
characterize the two binding states in the presence of different 
nucleotides, nucleotide analogues and under different solvent 
conditions. It was demonstrated in their extensive study that 
these treatments can be used to reduce the "rigor-like" binding 
of the acto. Si ccmplex. 
The aim of the experiments reported in this chapter is to 
examine the influence of ADP and different anions at different 
ionic strength on the iscl rization step. Since both parameters 
have influence on the equilibrium constant (K2) of this step, it 
may, therefore, be possible to use these conditions to weaken the 
"rigor-like" state further, which would allow for most of the 
acto. Sl canplex to exists in a stable [A+M1 state. In 
establishing this, it would then allow for structural studies to 
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be to carried out. 
Equilibrium binding studies with ADP 
The binding of unlabelled actin to S1. ADP has been measured 
by sedimentation (Greene & Eisenberg, 1980) by stopped flow 
(Marston, 1982; Trybus & Taylor, 1980; Siemankowski & White, 
1984) and by pressure relaxation study (Geeves & Gutfreund, 
1982). A binding constant (Kd) of approx 2uM in 0.1M KCl at pH 
7-8 and 20°C was measured by all the different techniques. 
Geeves (1989) confirmed this value with pyr-actin, demonstrating 
that the fluorescent label showed no significant effect on the 
affinity of actin for S1. ADP. 
Studies of the isomerization step 
The difference observed in the fluorescence signal quench of 
pyr-actin at saturating [Si] in the presence and absence of ADP 
was the basis of the investigation by Geeves & Jeffries (1988). 
Taking previous evidence for an isar rizaticn step, produced by 
Coates et al. (1985) and later by Geeves et al. (1986) into 
account, the following approach was adopted. If, under 
saturating Si concentration upon addition of nucleotide no 
dissociation of the acto. S1 complex occurs (i. e. no change in 
light scattering) then any change in fluorescence signal must 
report a transition in the acto. S1 complex. As the fluorescence 
signal specifically monitors the iscinerization, this fluorescence 
change represents a shift fron the "rigor-like" to the 
"attached" state. The equilibrium constant for this step was 
calculated by dividing the ratio of the low by that from the high 
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fluorescence state 
(FA - FD) / (FA - FAS) 
= K2 
(FA - FD) / (FA - FAS) 
FA = fluorescence of actin; FD = fluorescence in the presence of 
saturating [ADP]; F= acto. Si fluorescence. 
Geeves & Jeffries (1988) reported that organic solvent and 
increasing KC1 concentration in the presence of ADP had a marked 
influence on the isanerization step, leaving the association 
constant to form the weakly bound state virtually uneffected by 
these treatments. An equilibrium constant (K2 approx 2.5) was 
obtained for acto. Si in 0.3M KC1 and in 0-IM KC1 with addition of 
40% ethylene glycol, suggesting less than 30% of the acto. S1 
ccxrplex in the "attached" state. 
RESULTS 
Titrations 
Pyr-actin was used in all experiments and titrations were 
performed and analysed essentially as described in chapter 3. 
Fluorescence quenching of pyr-actin by Si was approx 70% and 
actin concentrations were used near their binding constants. Sane 
reassociation of actin with Si, which appeared during experiments 
was believed to be due to contaminating ATP in the ADP. This 
effect was eliminated by preincubation of ADP, Ap5A and a small 
amount of Si. 
The association constants of acto. S1 in 0.1M chloride and in 
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the presence of 1mM ADP are in agreement with measurements 
carried out by Geeves (1989) (table 4.1). An increase in salt 
concentration to 0.3M reduced the association constant by a 
factor 10; a similar decrease was observed in the absence of 
nucleotide. However, using acetate and proprionate at the sarr 
ionic strength in the presence of ADP showed only a reduction of 
Kass by a factor of 4. 
Measurements of the isomerization step 
Fluorescence and light scattering signals were obtained by 
excitation at 365nnn or 413nm, respectively. The emission 
wavelength was set at 407nm or 420nm, respectively with a 2.5nm 
slit width each. Fluorescence and light scattering readings were 
taken fran a stable pyr-actin signal before excess of Si was 
added. At 0.1M salt concentration, 50uM S1 and at 0.3M salt 
concentration, 100uM Si were added. Homogeneity of the solution 
in the cuvette was achieved by careful mixing. Introduction of 
air bubbles was avoided because of interference with the light 
scattering signal. Measurements were taken after each addition 
when the signal had stabilized. 
Results of an experiment adding 5uM pyr-actin, 50uM Si and 
1M ADP to a solution containing O. lM proprionate, 2" 
cacodylate, 51-mV MgC121 pH 7 at 200C is shown in fig. 4.1a. The 
small transient decrease in light scattering signal on addition 
of ADP was caused by contaminating ATP. No change in light 
scattering upon addition of ADP indicated that no 
dissociation of the acto. Sl complex had occurred, therefore, 
acto. Sl must either exist in the "attached" or "rigor-like" 
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Table 4.1 The effect of different anions and ionic strength 
on the equilibrium constants for pyr-actin. S1 
interaction in the absence/presence of ADP 
Equilibrium constants in the absence of ADP were taken from 
chapter 3 for ccxparison. Buffer conditions as in table 3.2. 
The values for Kass and K2 in the presence of ADP were 
obtained by fluorescence titration and the value for K°K1 was 
calculated fron the relationship Kass = KK1 x (1 + K2). 
Buffer: 2" cacodylate, pH 7,20°C. In addition chloride 
buffer contained 2mM MgCl21 all other contained 2mM Mg-acetate. 
* fron Geeves & Halsall (1986). 
+ determined in separate experiments. 
Titration and Pressure 'gym data Kass 0KI K2 
taken from chapter 3/ table 3.2+1 
oM-1) (M-1) 
0.1M chloride 11x106 7x104 160 
O. 1M acetate 9.1x106 7x104 130 
O. lt proprionate 4.9x106 7x104 70 
0.3M chloride* 1x106 1.3x104 74 
0.3M acetate + 5x106 7x104 74 
0.3M proprionate+ 4.2x106 7x104 60 
0.5M chloride 0.3x106 0.7x104 42 
Titration and 
K2 measurement 
0.1M chloride + 1mM ADP 4.7x105 3.6x104 13 
0.1M acetate + 1rw ADP 7.3x105 2.7x104 27 
0.1M proprionate + lrr1 ADP 1.2x106 7x104 17 
0.3M chloride + hTM ADP 4.7x104 1.3x104 2.6 
0.3M acetate + 1nV ADP 1.6x105 1.4x104 11 
0.3M proprionate + 1mM ADP 4.0x105 2.5x104 15 
0.5M chloride + 1mM ADP --not mea surable-- 1.6 
Figure 4.1 The effect of ADP on the equilibrium constant IC2 
Light scattering and fluorescence changes upon addition of 




(A) Light scattering 413nm 420mn 
(B) Fluorescence 365nm 407nm 
Experimental conditions: 3m1 quartz cuvette containing 0.1M 
proprionate, 20mM cacodylate, 2rM Mg-acetate, pH 7,20°C. pyr- 
actin = 5uM; Si = 50uM; ADP = 1mM. Slit width of the Perkin 
Elmer LS-5B luminescence spectrophotcmeter = 2.5run 
(excitation/emission); chart recorder speed of the Perkin-Elmer 
R-100A = 2cm/min. The value for K2 was calculated as described in 











state. The initial fluorescence increase in fig. 4.1b due to 
ccntaminating ATP did not return to the level observed for 
acto. S1 alone. This i lied that a proportion of acto. S1 present 
existed in the high fluorescent "attached" state. 
Only monovalent anions were used in an attempt to find 
conditions, where K2 could be further reduced. Equilibrium 
constants for the isamerization step obtained by this method are 
listed in table 4.1. For comparison, values for Kass' 0Kl and K2 
in the absence of ADP fron chapter 3 are included. 
The equilibrium constant of acto. S1 in chloride and in the 
presence of ADP is similar as reported by Geeves & Jeffries 
(1988). A reduction in K2 by a factor of 5 was observed when the 
salt concentration was increased from 0.1M to 0.3M. These results 
indicate an ionic strength (chapter 3) and an ADP effect on K2. 
An equilibrium constant of approx 2.6 would allow less than 30% 
of the acto. S1 in the inte mediate state [A-MD]. At 0.5M this 
value was further reduced to approx 1.6, estimating a binding 
constant of about 80uM. The high protein concentration, however, 
could place an effective limit on an attempt to carry out 
structural studies. 
Results for acto. S1 in acetate and proprionate in the 
presence of ADP showed that K2 was not substantially affected 
when increasing the concentration fran 0. iN to 0.3M. For 
proprionate, no change in the equilibrium constant was observed 
and for acetate, the value for K2 was reduced by approx half by 
these treatments, allowing less than 10% of the acto-S1 complex 
to be in the [ACID] state. 
There is a noticable but constant decrease in K2 by a factor 
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of 5 when ccnparing acetate and proprionate in 0.1M and 0.3M in 
the presence and absence of ADP. This change is larger in 0.1M 
KC1 (approx 10 fold) and significantly increased in 0.3M and 
0.5M (approx 30 fold), suggesting some chloride effect on K2. 
A reasonable explanation for the differences observed is, 
that the binding of ADP to the Si nucleotide binding site is 
affected by the anions used. To gain further information of the 
influence of anions on the protein-protein and protein-nucleotide 
binding, transient kinetic measurements of ADP. S1 for actin and 
ADP for acto. S1 were carried out. 
Stopped flow measurements 
It has been shown that ADP binds to acto. S1 rapidly and 
reversibly and caripetes with ATP when dissociating acto. Si. In a 
typical stopped flow displacement experiment, 5uM acto. Sl were 
mixed with 5OuM ATP in the presence of increasing concentrations 
of ADP (fig. 4.2a). The dissociation was monitored by change of 
fluoreMnce signal and was fitted by a single exponential. The 
rate of dissociation for this reaction was calculated, using the 
following equation (White, 1977); 
kos = k0/ (1 + [ADP] /K d) 
where ko is the observed rate constant in the absence of ADP and 
Kd is the dissociation constant of ADP for acto. Sl. A plot of 
observed rate constants against ADP concentration in 0.1M 
proprionate is shown in fig. 4.2b. 
The data obtained, using this method and those obtained by 
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Figure 4.2 Rate of dissociation of acto. S1 in the presence of 
ADP 
(A) 5uM acto. S1 was mixed with 50uM ATP in the presence of 
31uM ADP in 0.1M proprionate, 2" cacodylate, 5mM MgC121 pH 7, 
200C. Dissociation was monitored by fluorescence. (kam =108 s 
1). 
(B) A plot of observed rate constants as a function of ADP 
concentration. The fit to the equation kos = ko/(1 + [ADP]/Kd) 
gave a Kd of approx 85uM. 
Kd = dissociation constant of ADP for acto. S1 
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fluorescence titration of pyr-actin against Si in the presence 
and absence of ADP, table 4.1, were analysed in terms of the 
equilibrium (Scheme I); 
K 
Ma AM 
Kc Kd (Scheme I) 
MD AMID 
Kb 
(The overall binding constant of both actin and ADP binding 
to S1, which is given by the product of the two individual 
binding constants, must be the same irrespective of the order, in 
which thetwo bind (i. e. Ka x Kd = Kc x Kb). 
The results listed in table 4.2 indicate the same 
dissociation constant of ADP for acto. S1 in 0.114 KC1 and in 0.1M 
acetate (approx 200uM) and approx 85uM in O. 1M proprionate. White 
(1977) had estimated a value of 200uM (O. 1M KCl, 5mM MgC12,10mM 
tris, pH 8.0,20°C). An analysis of the different values did not 
provide a conclusive answer. 
Increasing the concentration from 0.1M to 0.3M had the same 
effect on the dissociation constant of ADP for acto. S1, (Kd) in 
KC1 and acetate (approx 330uM) and in propionate (approx 140uM). 
The differences observed could not be assigned to any binding 
step specifically and, therefore, the analysis of these 
equilibria are believed more canplex than this simple approach. 
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Table 4.2 Equilibrium constants for the formation of a 
ternary canp lex between actin, Si and ADP 
The equilibriun constants for Ka were obtained fron pressure 
jump studies. Values for Kb and Kd were determined by 
fluorescence titration and stopped flow measurements, 
respectively. Kc was calculated fron the relationship; 
Ka x Kd = Kc x Kb. 
Buffer conditions: for pressure jinp as in table 3.2 
for fluorescence titration as in table 4.1 















0.1M chloride 11x106 4.7x105 1.1x105 5050 
0.111 acetate 9x106 7.3x105 0.7x105 5200 
0.114 proprionate 4.9x106 12x105 0.5x105 11700 
0.3M chloride 1x106 0.47x105 0.6x105 3030 
0.3M acetate 5x106 1.6x105 0.9x105 2930 
0.3M proprionate 4.2x106 4x105 0.7x105 7040 
DISCUSSION 
Generally, the protein structure and stability is the net 
result of several differing and perhaps competing interactions, 
such as protein-protein, protein-solvent, protein-electrolyte and 
electrolyte-solvent interactions. These effects may be divided 
into two classes; the first may be due to the "direct 
interaction" of the ions with specific charged groups on the 
macromolecule, and the second where the ions affect the 
macromolecule through their modification of the solvent 
environment of the macromolecule. The two effects outlined may be 
taken to represent extremes of behaviour, but it should be 
possible, however, to discuss an observed effect as being a 
combination with one or other of the types of interaction 
predominating. 
The manner, in which the ions modify the aqueous environment 
of the macromolecule is markedly dependent upon the structure and 
constituents of the ions. Von Hippel & Wong (1962) reported the 
effect of various ions on the formation and stability of a 
fibrous protein (collagen) to be in the order CH3co0 < Cl 
< Br-. A similar series was described for a globular protein 
(ribonuclease) in aqueous solution (von Hippel & Schleich, 
1969b). Warren et al. (1966) and Stafford (1985) found that these 
anions in the above order disrupt the organized structure of 
myosin and the ATPase activity. 
To what extent ions specifically affect the structure and, 
therefore, the activity of enzymes and what kind of structural 
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modifications are induced, remain unanswered questions to date. 
The effect of ions are probably mediated, at least partly, 
through modifications in the structure of water in the vicinity 
of the proteins (Low, 1985). A clear understanding of these 
effects unfortunately remains dependent on the still unknown 
equilibrium structure of that vicinal water and of all 
thermodynamical changes induced during the interaction of ions- 
water-proteins. 
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5 CHAPTER BINDIM STUDIES OF ACTIN 70 Si BY SLCW 
TIIMPERA'1DRE JUMP 
INTRODUCTION 
Investigations in chapter 3 have shown that the rate of 
association of actin to Si has a very high tenperature 
dependence, and the thermodynamic data of the reaction suggested 
a conformational change in the proteins. These observations have 
given the incentive to look at the binding of acto. S1 by the 
temperature jump method. 
Temperature jump perturbation technique for studying chemical 
and biochemical systems is an established method (Eigen & 
DeZ1aeyer, 1963). The standard methods use electrical discharge or 
laser flash to increase the temperature in a few microseconds and 
subsequent chemical relaxation of the system to the new 
equilibrium can be followed between 10-6 and 10-1 sec (Czerlinski 
et al., 1964; Czerlinski, 1966). However, since the temperature 
after the jump is held for not longer than few seconds because of 
convection and thermal conduction, it prevents observations of 
longer relaxation times. Slower relaxations have been 
investigated by switching circulating fluids of two thermostated 
baths. A device described by Pohl (1968) could equilibrate a 
spectrophotameter cell within a few seconds. More recently, 
Nakatani (1985) designed a machine, which pushed a solution at 
an initial teperature (T1) through a heat exchanger before 
entering an observation chamber thermostated at a second 
tempexature (T2) . 
In this chapter a simple modification of a stopped flow 
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machine for the use of a temperature jump apparatus is described. 
This device is capable of temperature jumps larger than 100C in 
less than 15(nsec and suitable of measuring acto. S1 binding 
reactions. The use of this apparatus to monitor protein-protein 
interactions other than acto. S1 is envisaged. 
MATERIALS AND METHODS 
The apparatus 
The temperature jump apparatus is basically the stopped flow 
spectrophotometer SF4 fron Hi-Tech Scientific Ltd., Salisbury, 
with little modification. A schematic representation of the 
equipment is shown in fig. 5.1. 
The sample solution is held in a single syringe at room 
temperature (T1). A driving mechanism operated by compressed air 
pushes the sample via a delay line into the observation cell. The 
tubing and the cell are inmersed in a thermostated tank 
containing 50% ethylene glycol. Temperature regulation is 
provided by an internal heater and thermocouple and is maintained 
to 0.1°C. For low temperature jumps the base unit is filled with 
liquid nitrogen. The delay line is designed to allow the solution 
to equilibrate to the new temperature (T2) by the time it arrives 
at the cell. Absorbance and fluorescence observations are allowed 
along a 2inn or 10mm light path in the quartz cell. The solution 
from the cell is collected in a second syringe. A microswitch is 
triggered by a front stop, which initiated signal detection. The 
optical and detection system are discussed in chapter 2. 
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Figure 5.1 Diagrainnatic representation of the slaw taperature 
jump machine 
The instrument is canposed of the following components: (A) 
pressure driving ram with syringe. (B) tubing immersed in 
thermostated tank. (C) quartz observation cell. (D) stopping 
syringe. Carponents belay the dotted line are thennostated (T2) 







Reactions involving the uptake or release of protons can be 
traced by using a pH indicator in weakly buffered or unbuffered 
solution. The small change in pH of the reaction mixture caused 
by proton transfer is then followed through the absorbance change 
of the indicator. This approach has been widely used to calibrate 
fast temperature systems with proton transfer occurring in the 
usec range. As a test of this temperature jump apparatus 25uM 
Phenol red in 0.1m Tris/HCZ, pH 8.2 at 570rnn is used (Gutfreund, 
1972). 
RESULTS 
Testing the apparatus with Phenol red 
Before using the apparatus as a temperature jump machine it 
was necessary to demonstrate that optical changes detected were 
coarable with absorbance changes obtained by other methods. 
This was investigated using 25uM Phenol red in 0. iM Tris/HC1 at 
pH 8.2 as a teerature sensitive indicator in the observation 
chamber. Absorbance changes over the tenperature range 5°C - 
33°C were recorded. A plot of absorbance readings against 
temperature (°C) with a gradient of -0.011 (absorbance units/°C) 
for 10ncm optical path is shown in fig. 5.2. The same result was 
obtained in a standard Pye-Unicar SP8-200 W/VIS spectroghoto- 
meter. 
Having established that the apparatus is measuring 
temperature induced optical changes in a chemical system, 
consideration had to be given to the length, internal diameter 
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Figure 5.2 Plot of absorbance changes of Phenol red with 
temperature in the slow taiperature apparatus 
Temperature dependence of the absorbance of 25uM Phenol red 
in the observation chamber. Conditions: 0.1M tris/HC1, pH 8.2 at 







and material of the tube and to the speed, at which the sample 
travels through the tube to achieve maximum speed of heat 
exchange with minimum sample volume. 
To test heating or cooling of the solution travelling fron 
the sample syringe to the observation chamber, a 15°C difference 
in temperature was set up between (T1) and (T2). If no 
temperature change occurred during the push, then 0.165 
(absorbance units) absorbance change should be observed. Any 
transient absorbance change will, therefore, show the efficiency 
of the to perature equilibration. Using a combination of teflon 
delay tubing (ID = 1.5nm) and stainless steel tubing (ID = 
0.73mn) an absorbance change of approx 0.07 (absorbance units) 
was observed, indicating a 42% temperature equilibration during 
the push (fig. 5.3a. i). Replacing the teflon tubing with 
stainless steel tubing an absorbance change of approx < 0.01 
(absorbance units) was detected, suggesting that more than 95% 
temperature equilibration had taken place by the time the 
solution arrived at the observation cell (fig. 5.3b. i). 
To establish the minimum volume required for the solution to 
arrive from the sample syringe in the observation cell, the 
following procedure was adopted: the delay tube and observation 
cell were filled with distilled water and increments of 50u1 
Phenol red were pushed into the system. A change in absorbance 
indicated the arrival of the indicator in the cell. 
A minimum volume of 200u1 was needed, but a total of 300u1 was 
routinely used to ensure complete washout of the old solution. 
Before undertaking a temperature jump experiment, another 
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Figure 5.3 Plot of absorbance changes after t ature jump 
with recorded time of push 
Change in absorbance units following a 150C temperature jump 
fron 20°C to 50C of 25uM Phenol red in O. 1M tris/HC1, pH 8.2, 
570nm. (i) represents an average of 3 relaxations. (ii) recorded 
voltage output fron a linear movement transducer attached to the 
driving syringe. 
(A) Delay tube 10an of 1.5rrm (ID) teflon and 13cm of 0.73nm 
(ID) stainless steel tubing. Driving pressure 1.5 bar, pushing 
time 280msec., absorbance change approx 0.07 (absorbance units). 
(B) Delay tube teflon replaced with 10cm of 0.18nm (ID) 
stainless steel tubing. Driving pressure 1.5 bar, pushing time 

















piece of information that was necessary, was, how soon the 
solution arrived from the sample syringe in to the observation 
cell. To investigate this, a linear potentiometer was attached to 
the syringe drive arm. The movement of the drive arm was 
monitored simultaneously with absorbance changes of the solution 
(fig. 5.3a+bii). The travel time measured by this method was 
< 150msec at 3 bar. This is an overestimate of the dead tine of 
the system as the connectors between the sample syringe and 
tubing and tubing and cell hold a large volume. 
Slow tenperature jump studies of acto. Sl 
Having shown that the apparatus can be used as a temperature 
jump machine, it was now possible to carry out studies on an 
acto. S1 system. The apparatus was loaded with 5uM pyr-actin and 
5uM S1 in 0.3M KC1,20M cacodylate, -W MgCl 2 at pH 7. Three 
pushes of 300u1 were carried out so as to fill both the tubing 
and cell and, therefore, eliminate dilution. The solution was 
left for 10min to equilibrate to the preset temperature. A volume 
of 300u1 of acto. Sl was then pushed from 20°C to 5°C. The 
resulting fluorescence change is shown in fig. 5.4a. The solution 
arrived within 150msec in the cell, and the increase in 
fluorescence followed the dissociation of acto. S1 as the binding 
is weakened at lower temperature. The observed reciprocal 
relaxation time was 0.64 s-1 and a plot of 1/f' as a function of 
([K] + [91'1) is shown in fig. 5.4b. The equilibrium concentration 
of free proteins was calculated fron the dissociation constant 
(Kd = 1.66uM), which was obtained, using the same proteins in a 
separate fluorescence titration experiment as described in 
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Figure 5.4 Tenperature induced relaxation of a solution of 
pyr-actin and Si 
(A) Temperature induced changes in the fluorescence of a 
0.3ml solution of 5uM pyr-actin. Sl at 3 bar. The arrow indicates 
the end of the push of the solution. The trace is an average of 3 
traces and the catputer-drawn best-fit exponential is 
superimposed, kobs = 0.64 (s-1). 
(B) Plot of the observed rates (s-') against the 
concentration of free pyr-actin and S1. The line represents the 
best-fit line to the data and gives a gradient of 1x 105 M15 -1 
and an intercept of 0.208 (s-'). 
Conditions: temperature jump fran 20°C to 5°C. 











[Ä] + [sl] (UM) 
chapter 3. The data in fig. 5.4b are shown with the best fit 
straight line superimposed and with a gradient of 1x 105 m 
-1s-1 
and an intercept of 0.208 s-1. This data is consistent with the 
three-step model shown in chapter 3, where step 0 and step 2 are 
rapid equilibrium steps canpared with step 1. The observed rate 





obs 0x [Si) +1 1+K2 
This is linear when 0x [Si] «1 and so a plot of [Si] against 
(kohe) will give a gradient to ok+l and an intercept equal to 
the dissociation rate k_1/(1 + K2). 
The ratio of k1/(1 + K2) and ok+l = 2.08uM, which is in 
good agreement with the independently measured Kd of 1.66uM. 
Ko +1 and k-1/(1 + K2) were measured 
in a separate stopped flow 
experiment under the same experimental conditions and gave 1.2 x 
105 M 
is-1, 
respectively; again in good agreement with the values 
obtained here. 
DISCUSSICT 
Terature jump studies performed in this work have shown 
that this method can be used to measure acto. S1 binding 
reactions. The results of acto. S1 binding measured by this 
method and and pressure junp technique (chapter 3) are in good 
agreement. As acto. S1 binding is believed to be preceded by a 
diffusion controlled reaction (Coates et al., 1985), and 
diffusion controlled reactions show relatively small temperature 
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dependence (Gutfreund, 1972) the temperature dependence of this 
reaction must, therefore, be on step 1. This and the sharp 
breakpoint in the Arrhenius plot (Fig. 3.6a) support the idea of a 
conformational change in step 1. 
Finally, the easy conversion and wide availibility of stopped 
flow equipr nt in biochemical laboratories can make this 
apparatus a useful tool measuring kinetics of reversible 
reactions. The kind of temperature change used in above 
experiments and the small mounts of material needed, is also 
appropriate for many other solutions. However, the apparatus is 
not fully optimised and reductions in both the sample volume and 
the tine resolution may be possible. Using the current equipment 
relatively large volumes exist in the connectors between the 
sample syringe and the stainless steel tubing and between the 
tubing and the observation cell. Custccnised connectors could 
eliminate these volumes. Small bore stainless steel tubing is 
used for the heat exchanger as this material is reasonably inert 
and readily available for use with high performance liquid 
chrccnatography systems. Yet, stainless steel is not the first 
choice of material for a heat exchanger and a better material may 
be available depending on the sensitivity of the sample to 
metals. The addition of independent thermostating of the sample 
syringe will allow a wider range of temperature jumps to be 
studied. 
Further, advantages of the apparatus are that large 
temperature jumps (> 10°C ) can be made to both higher and lower 
temperatures. There is no limit on the repeat rate for the 
82 
tererature jumps as a fresh sample can be examined as soon as 
observation of the preceeding sample is canplete. There is no 
delay while the sample chamber re-equilibrates to the initial 
temperature as in conventional temperature jump equipment. This 
allows rapid repeated data collection under conditions where 
signal averaging is necessary because of low signal to noise 
ratio. The repeat rate is also an advantage when labile systems 
are being studies. 
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CHAPTER 6 THE EFT= OF HYDROSTATIC PRESSURE ON THE 
BINDING OF Ca2+ TO TROPONIN C 
INTI DUCrION 
Studies on purified actin and myosin subfragment (Si) 
presented in chapter 3 have shown that the isanerization step of 
the acto. Sl complex is pressure-sensitive. This isomerization 
represents a change fron the weakly "attached" to the "rigor- 
like" complex and has been proposed to be closely related to the 
force-generating event of the cross-bridge cycle. It has, 
therefore, been of interest to determine if the pressure- 
sensitive isanerization identified in solution is also 
responsible for a pressure-induced change in tension in muscle 
fibre. Fortune et al. (1989) have investigated the effect of 
changes in hydrostatic pressure on maximally calcium-activated 
tension in glycerinated rabbit psoas fibres. These workers 
reported that steady active tension was depressed by 8% for a 
100atm pressure rise. Studies by Brown (1934a; b), and more 
recently by Geeves & Ranatunga (1990) have shown that tetanic 
tension in intact muscle fibres is also depressed by 5-8% at high 
pressure. These findings are consistent with the idea that 
increased pressure is perturbing force generation in the cross- 
bridge. 
The findings of Fortune et al. (1989) relate a specific 
pressure sensitive protein isanerization identified in solution 
to a pressure sensitive transition between two attached states of 
the active cross-bridge. 
In the intact muscle, i. e. no membranes are removed and the 
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sarcoplasmic reticulum is present, activation is achieved via 
electrical stimulation. Release of neuro-transmitter depolarises 
the muscle membrane and a rise in [Ca2+1 occurs in the cytoplasm 
of around 0.1 to 10uM. Relaxation is achieved by accumulation of 
calcium to the sarcoplasmic reticulum. These isolated twitches 
are applied via its nerve or directly by a small shock. A single 
shock causes a twitch contraction. Repeated shocks cause multiple 
twitches and above a characteristic stimulation frequency these 
fuse to give a tetanic contraction, which remains steady until 
stimuli are withheld or fatique sets in. 
The work in the single fibre system has been carried out at 
30uM free[Ca2+), i. e. enough to be equivalent to a fused tetanus. 
The effect of pressure on both twitch and tetanic tension has 
recently been investigated by Geeves & Ranatunga (1990). In the 
case of a fused tetanus, i. e. equivalent to maximally calcium 
activated tension in skinned fibre, a depression of tension was 
reported. However, in the case of twitch tension an increase in 
observed tension was seen (30-80%). The latter suggests that the 
muscle is "switched on" to a greater extent per stimulus at high 
pressure by either more calcium release per stimulus, by a change 
in calcium affinity or by a change in the inhibitory function of 
the regulatory proteins. In the case of tetanic tension the 
muscle is "switched on" fully, therefore, any further calcium 
release at high pressure causes no change in tension. Therefore, 
the basis of depression seen in tetanic muscle and skinned 
muscle at high calcium may have a common mechanism, i. e. a 
specific effect of pressure on K2, i. e. transition of »IN to A-MN 
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in the model of Geeves et al. (1984) (i_). The binding of 
calcium to the thin filament will be investigated in this 
chapter. 
Pressure jump technique is used to evaluate the effect of 
increased pressure on the calcium affinity to the regulatory 
proteins in solution. This defines the limits of changes in 
calcium affinity to the thin filaments in intact muscle fibres 
and determines whether these changes are sufficient to account 
for the observed pressure effect on twitch tension. 
Troponin C is of particular interest as it plays an 
important part in the thin filament regulation of muscle 
contraction (Potter, 1982). Since this protein was first isolated 
many different techniques (including equilibrium dialysis, 
° ultracentrifugation, sedimentation) have been used to measure its 
Ca 2+ binding properties (Fuchs & Briggs, 1968; Hartshorne & Pyun, 
1971; Greaser & Gergely, 1973). The majority of studies to date 
agree on a binding constant for the low-affinity, regulatory 
sites of approx 3x105 g -l for calcium (200C, 0.1M i« i, pH 7) 
(Potter & Johnson 1982; Zot & Potter, 1987a). 
In order to measure changes in calcium concentration at high 
pressure two optical signals are used. The chranophoric dye, 
arsenazo III, which is water soluble and capable of measuring a 
wide range of [Ca2+] (Baylor et al., 1986) and the fluorogenic 
dye, dansylaziridine, covalently attached at Met 25 of ThC, which 
does not alter the calcium binding of TnC (Johnson et al., 1978). 
The rate of association of calcium to the regulatory sites of 
TnC is also investigated in this chapter. So far only stopped 
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flow transient kinetic techniques have been employed to determine 
exchange rates of Ca2+ to the regulatory sites of TnC. Johnson et 
al. (1979) and Ilo & Kondo (1981) used the fluorescent label 
dansylaziridine (DANZ) attached to TnC as indicator and 
Rosenfeld & Taylor (1985a) employed the fluorescent label 4-(N- 
iodoacetaxyethyl-N-methyl)-7-nitrobenz-2-oxa-1,3-diazole (IANBD) 
attached to TnI. These investigations shored that Ca2+ _ binding 
produces a large fluorescence change within the instrumental dead 
time. This suggested that Ca2+-binding by TnC occurs very 
rapidly, which is consistent with the idea that Ca2+-binding to 
each class of sites on TnC is a diffusion-controlled reaction 
(Potter & Johnson, 1982). The rate of dissociation of calcium 
fran the Ca 
2+_specific 
site of TnC, using stopped flaw, was 
measured at a rate of 230-346 s-1 (Johnson et al., 1979; Iio & 
Kondo, 1981) and fran the ratio "off-rate"/"on-rate" the 
equilibrium binding constant was calculated. This is in agreenent 
with the independently recorded value of approx 3x105 k -l (Potter 
& Johnson, 1982). 
Since the association of calcium to the regulatory proteins 
is believed to be at the diffusion limited rate (approx 108 k -l 
S-1 ) (Eigen, 1963), it requires fast reaction kinetics. Pressure 
jump and tenperature jump techniques are used here in an attempt 
to measure the rate of calcium binding to Tnc. 
ESCILTS 
The binding of calcium to arsenazo III 
Prior to the determination of changes in the affinity of TnC 
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to calcium at high pressure, it was necessary to define the 
binding constant of arsenazo III for calcium under experimental 
conditions at atmospheric pressure. In establishing this, it 
would allow the detection of calcium changes with high accuracy 
and the calculation of changes in affinity of arsenazo III at 
high pressure precisely. Changes in affinity of TnC for calcium 
can then be corrected for changes in affinity of arsenazo III at 
high pressure. In this study the following conditions are used: 
0.1M KC1, IM MgC12,20MM imidazole or 20mM phosphate, pH 7, 
20°C. 
The titration described in fig. 6. la was perfcmed at 10uM 
arsenazo III with increasing free[Ca2+] and changes in absorbance 
were measured at 655nm. The free [Ca2+] was determined, using 
Ca/DGTA buffers (chapter 2). The absorptions spectra to fig. 6.1a 
is given in the inset. The absorbance change recorded at 
atmospheric pressure of the solution containing lOuM arsenazo III 
on adding 1OuM free[Ca2+] was 0.1 (absorbance units). From the 
relation of the Lambert-Beers-Law an absorption coefficient at 
655nm of 104 litre x mol-1 x can -1 was determined, which was in 
agreement with the value reported by Hole (1980). 
The secondary plot of free[Ca2+]//jA655nm against free[Ca2+] 
with the intercept on the ordinate axis indicates a Kd of approx 
1OuM for arsenazo III to calcium (fig. 6.1b). This value agrees 
with measurements by Hole (1980), and arsenazo III at 1OuM 
concentration is used in the subsequent studies. 
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Figure 6.1 Determination of the binding constant of arsenazo 
III for calcium 
(A) The graph of absorbance change at 655rm vs. free[Ca2+l" 
In the inset the absorption spectra is given and the arrow 
indicates absorbance at 655rmn. The titration was performed in 
O. IM KC1,20nM imidazole, 2.5mM DGIA, 1mM MgC12, pH 7,20°C. 
(B) The graph of free [Ca2+l /6 A655ran vs* f[2] .A 
secondary plot of the data in (A); Kd apprcv. lOuM. The binding 
constant (Kd) was determined by the equation; 
[calcitan]t [ars. III] 




t= total calcium concentration 
[ars. III]t = total arsenazo III concentration 
A= absorbance; F. extinction coeff. for arsenazo III 
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Prior to the determination of the effect of high pressure on 
the affinity of arsenazo III to calcium, the influence of buffer 
components on transmission changes at 655nm was investigated. 
Since transmission changes are used to determine free[Ca2+] 
changes and hence changes in affinity of arsenazo III for 
calcium, these calculations have to be corrected for transmission 
changes caused by buffers. A list of different solutions exposed 
to 100atm pressure with the detected transmission changes at 
655nm are shown in table 6.1. An average change in transmission 
of approx 0.1 (%T) was observed for all solutions. This shows 
that the effect of pressure on buffer containing 10uM arsenazo 
III or [EGTA] up to 2.5mM is no different to dist. water or 
buffer only and, therefore, indicates that pressure has no effect 
on the optical properties of arsenazo III. Subsequent analysis of 
calcium binding to arsenazo III has been corrected for this 
general pressure effect. 
In the studies reported here two methods for determining free 
[Ca2+] have been used when employing arsenazo III. Free[Ca2+] was 
calculated for buffer solutions in the presence of 2.5mM EGrA, 
using a canputer programme (chapter 2). The absorbance readings 
for various free[Ca2+] were recorded and were the basis for the 
calculation of changes in free calcium at high pressure. 
Free [2+] in the absence of EGTA was determined by direct 
addition of calcium to the solution by achieving the sane OD- 
change as obtained in the presence of EGTA. Both methods gave the 
same absorbance and, therefore, the free[Ca2+] agreed to within 1%. 
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Table 6.1 The effect of 100atm hydrostatic pressure on 
Cat+-binding to arsenazo III 
Optical density of different buffer solutions containing lOuM 
arsenazo III at high and low free(Ca2+) was measured at 
atmospheric pressure. These solution were then exposed to 100atm 
hydrostatic pressure. Changes in transmission were recorded at 
655nan and shifts in free[Ca2+] were calculated, using the 
relationship; 
A=Excxd (Lambert-Beer-law) 
A= log Io/I 
A= -logT 
Buffer: 0. IM KC1,1mM MgC121 pH 7,20°C. 
TABLE 6.1 
Buffer: TM free [Ca 2+ 
+10uM arsenazo III at 655m (uM) 
+20m4 imidazole 
no DGTA 
luM free [2+] 0 0 
10uM free[Ca2+] 0.1(+/-0.02; 5) 0.020(+/-0.003; 5) 
+2.5mM Ca/EGTA 
luM free [Ca`+] 0 0 
10uM free [Ca2+] 0 0 
dist. water 0.1(+/-0.02; 7) 
buffers only 0.12(+/-0.02; 7) 
buffer +(luM-2.5mM DGTA) 0.1(+/-0.02; 2) 
buffer + lOuM arsenazo III 0.1(+/-0.01; 6) 
+10uM arsenazo III 
+20mM phosphate 
no DX'1 
luM free[Ca2+] 0.2(+/-0.03; 5) 0.025(+/-0.002; 5) 
lOuM free[Ca2+] 0.3(+/-0.02; 5) 0.060(+/-0.01; 5) 
+2.5mM Ca/DGTA 
luM free[Ca2+l 0 0 
10uM free[Ca2+] 0.15(+/-0.02; 2) 0.032(+/-0.005; 2) 
(Standard deviation and number 
of experiments in brackets. ) 
Solutions at luM and 10uM free[Ca2+] defined as described 
above were exposed to a 100atm rise in pressure. No change in 
optical signal was observed at 655nm at luM free[Ca2+] in the 
absence of EGTA and at lOuM free[Ca2+] a transmission change of 
0.1 (%T) was recorded in the absence of DGTA (table 6.1). 
The change in optical signal allows the change in free(Ca2+] 
at high pressure to be calculated. Using the equations; 
A= cxexd 
A= -log I/I0 
(c7-- concentration; f= absorption coeffient; d= path length; I= 
intensity of light after the probe; I. = intensity of light 
before the probe) a difference in free [Ca2+J of 0.02uM was 
obtained at high pressure. Since the transmission change has been 
corrected for the effect of pressure on buffer components, the 
recorded change at 100atm pressure rise must be due to a change 
in affinity of arsenazo III to calcium. Using the relationship; 
[Ca2+. ars. III] 
Kars. III [Ca2+] [a. s. III] 
allows the equilibrium constant to be calculated at 1OMPa 
pressure. At atmospheric pressure the equilibrium constant for 
arsenazo III was determined to be 105 t4-1 and since the 
free[Ca2+] used in this study was 10uM, the ratio of 
2+ [Ca arsIIII and free[ars. III] equals 1. At an initial 
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concentration of 10uM arsenazo III, then 5uM arsenazo III is in 
the bound form and 5uM arsenazo III in the free form. At high 
pressure an additional 0.02uM free[Ca2+J is bound and from the 
above relation the equilibrium constant can be calculated 
(Kars. 
Ill at 
100atm = 1.01 x 105 m-1 ). This indicates an approx 
1% change in equilibrium constant at high pressure compared to 
atmospheric pressure. The associated volume change calculated 
fron the change in equilibrium constant, using the relationship 
, ]K/K = -, AP x AV% RxT was approx -2.4cm3/mol. This is a small 
volume change and is of the magnitude of hydrogen bond transfer 
fron an intrinsic to a water bonded state (Davis & Gutfreund, 
1976). 
Using EGTA to control the free[Ca2+] level in imidazole 
buffer shaved at high pressure for luM and lOuM free[Ca2+] no 
change in optical signal (table 6.1) and employing phosphate 
buffer at luM free[Ca2+] also no change was observed. However, at 
1OuM free[Ca2+] a change of 0.15 (%T) was measured. Calculating 
the change in free[Ca2+J of this concentration at high pressure 
in the presence and absence of 2.5mM DGI'A showed a difference in 
free[Ca2+] of 0.032uM and 0.060uM, respectively. This allowed the 
equilibrium constant of EGTA for calcium to be estimated at high 
pressure. Since EGTA does not absorb light at 655nm any 
additional change in transmission with EGTA present must be due 
to changes in calcium binding to EGTA. These differences in 
free[Ca2+] can, therefore, be subtracted directly and can be 
used to estimate the change in equilibrium constant at high 





(RSA = 2.5x107 M1 at atmospheric pressure; deducted difference 
in free[Ca2+] at 100atm pressure = 0.028uM; total free[Ca2+] = 
lOuM; [EGTA] = 2.5mM). The change in equilibrium constant for 
EGrA at high pressure is estimated at approx 0.3% and the volume 
change calculated fran the change in equilibrium constant is 
< -lcm3/mol. This result shows that Ca/EGTA buffers can be used 
to control free[Ca2+] levels at high pressure. These were 
employed in the following experiments. 
The effect of 100atm hydrostatic pressure on Ca2+-binding to 
arsenazo III in the presence of TnC 
In the above experiments it has been shown that 100atm 
hydrostatic pressure changes the equilibrium constant of arsenazo 
III for calcium by 1%. Since TnC is not absorbing light at 655nm, 
any additional changes in transmission with TnC present must, 
therefore, be due to changes in calcium binding to TnC. 
Transnission changes from these experiments are listed in table 
6.2. Data fron parallel experiments with and without TnC over a 
free[Ca2+] range between luM and 50uM showed a higher 
transmission change in the presence of TnC between 0.07-0.1 (%T) 
at 100atm. Changes in free[Ca2+] were calculated and used to 
determine the shift in equilibrium constant for TnC at 100atm 
hydrostatic pressure. Calculations were carried out as described 
previously. Results showed an apprcx 1% change in RSC, using 
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Table 6.2 The effect of 100atm hydrostatic pressure cn Ca 
2+ 
-binding to arsenazo III in the presence of TnC 
Optical density of solutions in different buffer containing 
lOuM arsenazo III over a free[Ca2+] range of luM to 50uM in the 
presence and absence of TnC were measured at atmospheric 
pressure. The same solutions were then perturbed by 100atrº 
pressure and the transmission change was recorded at 655nrn. The 
difference in [Ca2+] in the presence and absence of 21zC was 
calculated, using the relationship in table 6.1. 
Buffer: 0.1M KC1,1mM MgC121 20w imidazole, 2.5rW EGTA, 
pH 7,20°C. 
TABLE 6.2 
lOuM lOuI Diff. 
arsenazo III arsenazo III 
+3uM TnC 
(-Q T%) (- AT%) T%) 
luM free[Ca2+] 0.0 0.1(+/-0.01; 3) 0.1 
5uM free[Ca2+] 0.05(+/-0.01; 3) 0.12(+/-0.01; 3) 0.07 
lOuM free[Ca2+] 0.1(+/-0.01; 3) 0.2(+/-0.02; 3) 0.1 
50uM free[Ca2+] 0.15(+/-0.02; 3) 0.25(+/-0.02; 3) 0.1 
lOuM lOuM Diff. 
arsenazo III arsenazo III 
+3uM TnC 
, 
L[Ca2+] d [Ca2+] L1 [Ca2+] 
(UM) (UM) (UM) 
luM free[Ca2+] 0.0 0.01(+/-0.001) 0.01 
5uM free[Ca2+] 0.01(+/-0.001; 3) 0.03(+/-0.005; 3) 0.02 
lOuM free[Ca2+] 0.02(+/-0.003; 3) 0.04(+/-0.009; 3) 0.02 
50uM free[Ca2+] 0.24(+/-0.02; 3) 0.38(+/-0.04; 3) 0.14 
(Standard deviation and number of 
experiments in brackets) 
imidazole buffer at high pressure; again this change is small. 
The volume change calculated as above from the change in 
equilibrium constant was small (approx -2.4cn3/mol). The 
implication of this result for calcium binding to the regulatory 
proteins in muscle fibre will be discussed briefly. 
The binding of calcium to TnCANZ 
In the above experiments the change in amplitude due to TnC 
binding calcium at various free calcium concentrations upon 
100atm pressure perturbation was estimated at 0.07-0.1%. This is 
small, and in order to define this change accurately a more 
sensitive method was used. Employing the fluorescent dye, 
dansylaziridine, covalently attached to ThC could allow for more 
precise measurements. However, prior to the determination of this 
change at high pressure, it was necessary to ascertain the 
binding constant of TnC Z for calcium at atmospheric pressure. 
This would then permit changes at high pressure to be monitored 
precisely. 
Tropcciin C was prepared and labelled with dansylaziridine as 
described in chapter 2. The equilibrium binding constant of 
TnCD Z for calcium was 
determined by calcium fluorescence 
titration. Light was excited and emitted at 340rmn and 510nm, 
respectively. Upon Cat+-binding to the Cat+-specific regulatory 
sites of, the fluorescence of TnCDZ increased by a 
factor of 1.7. This is in agreement with previous results 
published by Johnson et al. (1978). Changes in fluorescence of 
TnCDANZ as a function of free[Ca2+] are shown in fig. 6.2. The 
midpoint of the fluorescence change occured at pCa of apprcx 
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Figure 6.2 The Cat+-dependence of Thy., fluorescence 
Titration was performed into 3mis of buffer containing 10uM 
TnCDANZ and 90mM KC1,20MM cacodylate, IM MgC12,2.55M EGTA, PH 
7,20°C. Increase in TnCDANZ fluorescence is shown as a function 
of free[Ca2+]. The trace is fitted by eye. Zbtal fluorescence 
enhancement is apprcac 1.7 fold; midpoint of fluoresence increase 
at pCa apprcac 5.6, which equals a Kd of TnC for calcium of 2.5uM. 
The inset shows the fluorescence spectra of Tr'CDANZ with 
(a) < 10-7 1º (b) 10-6 K-1 , (c) 10-5 
K-1 , 






















5.6. This indicated a KTnC of approx 4x105 M-1 and agrees with 
the results by Potter & Johnson (1982). The fluorescence spectra 
of Tn Z at several 
different calcium concentrations is 
demonstrated in the inset to fig. 6.2. In the following 
experiments TnCD= was used at 3uM concentration. 
The effect of 100atm hydrostatic pressure on the Ca2+-binding to 
)ANZ 
Results fron pressure perturbation experiments of solutions 
containing TnCDANZ at various free [Ca2+] in imidazole buffer are 
shown in table 6.3. The measured changes in fluorescence are 
small (< 1%). The calculated free[Ca2+] changes are similar to 
the previously observed changes, using arsenazo III (table 6.2). 
This confirms above results that high pressure has only a small 
effect on the equilibrium constant. 
In order to achieve a larger fluorescence change and 
subsequent free[Ca2+] change at high pressure, imidazole buffer 
was replaced with phosphate. Imidazole (pK 7) shows a negligible 
volume change upon ionisation and is pH-stable upon pressure 
perturbation; phosphate (pK 7.2) is pressure-sensitive. Results 
in table 6.3 show an approx 2 fold increase in amplitude when 
using phosphate buffer. This effect can be assigned to the 
dissociation of the weak acid (K21P04/KH2PO4) in water, which is 
reflected in a shift in pK and pH, respectively (Gutfreund, 
1972). The calculated changes in equilibrium constant at 100atm 
pressure by these methods is apprca 3% when canpared to 
atmospheric pressure and is negligible. 
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Table 6.3 The effect of 100atm pressure on the binding of 
calcium to T CDANZ 
Solutions containing 3uM TnCDANZ in different buffer were 
perturbed by 100atm pressure. Changes in fluorescence from 
atmospheric pressure were monitored and free (Ca2+1 calculated. 
Excitation: 340nm; mission: 510rmº. 
Conditions: 3uM TnCDANZ, 90m1 KC1,1M MgCl2,2.5mM EGTA, pH 7, 
20°C. 
TABLE 6.3 
CONDITIONS: L(%) Fluorescence 
1, 
L(%) Fluorescence 
20mM imidazole 20mM phosphate 
luM free[Ca2+] n. m. n. m. 
5uM free[Ca2+] < 1.0 2.0(+/-0.2; 2) 
10uM free [Ca2+] < 1.0 2.3(+/-0.2; 2) 
50uM free[Ca2+] < 1.0 2.2(+/-0.2; 2) 
free [Ca2+] Q free [Ca2+] 
(uM) (uM) 
20mM imidazole 2" phosphate 
luM free[Ca2+] 0 0 
5uM free[Ca2+] 0.02 0.04(+/-0.005; 2) 
lOuM free[Ca2+] 0.04 0.09(+/-0.01; 2) 
50uM free[Ca2+] 0.20 0.44(+/-0.05; 2) 
n. m. = not measurable 
(Standard deviation and n miber 
of experiments in brackets) 
Rate measurements of calcium binding to 'IihC NZ by pressure jump 
method 
Above results have shown that the pressure jump method can be 
used to monitor calcium changes. Analysis of the relaxation 
transient to evaluate the kinetics of the binding reactions of 
calcium to TnCDANZ, using imidazole buffer, however, was not 
possible because of the small fluorescence changes (< 1%) and 
the high signal to noise ratio. Therefore, in order to obtain a 
measurable and subsequent better signal to noise ratio, imidazole 
was replaced with phosphate buffer. Again, the high signal to 
noise ratio of the traces did not allow for kinetic analysis and 
averaging ten and more traces did not improve the data. 
Previously, Potter et al. (1977) have shown the binding of 
calcium to the Ca2+ specific site of TnC to be temperature 
dependent. Thermodynamic calculations have indicated a binding 
constant of 2.25uM (0.1M KC1,25°C, pH 7) with tighter binding at 
lower temperature and weaker binding at higher temperature. 
Pressure relaxation studies of calcium to TnCDZ at protein 
concentrations near the binding constant were performed at 30°C, 
20°C and 5°C. The changes in fluorescence at different free[Ca2+] 
upon 100atm perturbation are shown in fig. 6.3a, b, c. Assuming the 
reaction was of the form; 
k+1 
equation (1) ßa2+ + TnCDANZ . TnCDANZ'Ca 
2+ 
k-1 
the data were then analysed in terms of eq. (1); 
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Figure 6.3 Pressure induced fluorescence relaxations of 
2+ 
ANZ 
The arrow indicates the time of pressure release fron 100atm 
to latm. Traces are canputer averaged results of ten consecutive 
relaxations of the sane solution with best fit exponentials 
superimposed. Reciprocal relaxation times a) at 5°C = 1070 s-1 
b) at 20°C = 1320 s -l c) at 30°C = 1720 s-1. 
Fluorescence signals are increasing, the size bar is relative 
to the fluorescence at high pressure. 
Buffer: 90mM KC1,20mM phosphate, 1mM MgC12,2.504 DGT'A, pH 7. 
Conditions: a) luM TnCDANZ and 4uM free[Ca2+J 
b) 3uM TnCD Z and 
5uM free [Ca2+1 




1/t = k+l x ([Ca2+] + [TnC]) + k_1 (1) 
The observed values 1/Z were caTpared to the calculated values, 
using the diffusion controlled "on-rate" (k+l approx 108 M 
is 1) 
and the measured "off-rate" (k_1 approx 340 s-1) (Johnson et al., 
1979). Both values are similar (table 6.4). However, it was 
impossible to perform measurements over a wide range of 
free[Ca2+] under any temperature condition, which was again due 
to the high noise to signal level. The rates can, therefore, only 
be regarded as an estimate of the binding properties. 
Rate measurements of calcium binding to 22%ANü by temperature 
jump method 
Since the rates of calcium binding to TnCDANZ by pressure 
jump could not be established for a wide range of free [Ca2+] an 
attenpt was made to monitor the binding reaction by temperature 
jump method. Preliminary static titration experiments of calcium 
to TMZ at 15°C and 20°C have shown a shift in pCa with weaker 
binding at higher temperature, also reported by Potter et al. 
(1977). 
. 
Solution containing 3uM 2iiCpANZ, MOW KC11 50mM 
cacodylate, 1*1 MgCl2,2.5mM EGTA, pH 7 at luM and 10uM 
free[Ca2+] were used in temperature jump experiments. These were 
thermally equilibrated to 15°C in the tenperature jump apparatus 
described in chapter 2. A 5°C temperature jump was effected by 
discharging the O. OluF capacitor, which was charged with 25kV, 
through the sample. The recorded traces, however, were variable 
for reasons, which are discussed. 
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Table 6.4 The rate constants for Tný, n. Ca2+ interaction 
Rate constants at 5°C, 20°C and 30°C were obtained fron 
pressure jump studies. The calculated values were based on k+1 
108 M lsl and k_1 = 340 s-1. Assuming a single step reaction, 
then 1/r = k+l ([Ca2+] + [TnC] )+ k_1. 
Buffer: 90w KC1,20W phosphate, 2.5mM EGTA, ]mM MgCl 2' pH 7. 
TnCDANZ Free [Ca2+] kobs (S-1) 
measured calculated 
at 30°C 4uM 9uM 1720 1640 
at 20°C 3uM 5uM 1320 1140 
at 5°C luM 4uM 1070 840 
DISCUSSION 
The experiments in this chapter have shown that increased 
pressure changes the binding affinity of calcium to TnC in 
solution by apprax 1-3%, depending on buffer conditions. If in a 
muscle fibre the effect of pressure on TnC is no different to 
that in solution then results by Geeves & Ranatunga (1990) cannot 
be explained in terms of a change in affinity of me for calcium. 
It remains a possibility that the augmented twitch tension under 
pressure is the result of the increased release of calcium from 
the sarcoplasmic reticulum in the intact fibre or due to a change 
in the inhibitory function of the regulatory proteins. To 
substantiate these ideas, however, it is necessary to measure the 
calcium release in the fibre under pressure and to monitor 
physiochemical properties in the (actin) 7 m/Tm unit, 
respectively. 
Previously, arsenazo III has been used to measure calcium 
flux between the sarcoplasmic reticulum and myoplasm in muscle 
(Baylor et al., 1983). Attempts to measure Ca2+ binding to mc, 
however, showed that a large fraction of dye molecules are not 
free in the myoplasmic solution and hence not available to sense 
calcium activity (Baylor et al., 1985). Therefore, quantitative 
interpretation of the dye signal was difficult and requires 
methods for estimating the concentration of bound dye molecules 
and characterizing their properties. Griffiths et al. (1984) and 
Ashley et al. (1988) have demonstrated, using TnCDNZ that this 
modified protein remains free in solution when injected into 
muscle fibre. However, quantitative measurements of calcium 
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release fron the sarcoplasmic reticulum have not been achieved to 
date. 
The increase in twitch tension upon exposure to 100atm 
hydrostatic pressure in intact muscle could be the direct effect 
of pressure on the regulatory proteins of the thin filament. In 
their cooperative binding model of myosin to regulated actin, 
Geeves & Halsall (1987), proposed that troponin/tropanyosin 
(Tn/fin) controls the acto. Sl interaction by inhibiting the 
iscmerization step identified by Coates et al. (1985). From work 
by (Geeves & Halsall, 1987) and (Haselgrave, 1972; Greene & 
Eisenberg, 1980a), the (actin) 7Tn/fin unit is thought to exist in 
a dynamic equilibrium between an open and a closed state. S1 can 
bind to either state but only the open form allows the 
isanerization step to take place. The effect of pressure on this 
equilibrium could account for a shift in the inhibitory function 
of the (actin)7Tn/Tm unit. Measurements of excimer fluorescence 
of pyrenyliodoacetamide labelled Thn would allow for the 
determination of the equilibrium constant (KT) Ishii & Lehrer 
(1990). 
It has also been shown in this study that the effect of high 
pressure on the binding of calcium to TnC and EGTA is negligible. 
This allows pressure perturbation experiments to be carried out 
on skinned muscle fibres at low [Ca2+1, using EGTA buffers to 
maintain [Ca2+] and the idea of pressure perturbing the 
[A7]on/[A7]off state to be tested. Using these conditions, an 
increase in tension must, therefore, be the result of the effect 
of pressure on the inhibitory function of the regulatory 
proteins. 
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The evaluation of the rate binding properties of TnC to 
calcium could not be achieved by pressure jump and temperature 
jump method, using arsenazo III and dansylaziridine. The 
determination of the association reaction would have been 
i portant for a clearer understanding of the molecular mechanism, 
by which muscle contraction is regulated. Its value could have 
given an answer to the differences over the rate of calcium 
binding to TnC. Results fron low-temperature stopped flow studies 
have suggested that calcium binding to the low affinity calcium 
specific sites of TnC is not a simple diffusion-limited process 
(Rosenfeld & Taylor, 1985b). Similarly, Griffiths et al. (1984) 
and Ashley et al. (1988) have reported that the fluorescence 
change of TnC. CmZ injected into muscle fibres is slower than 
would have been predicted for a diffusion-controlled rate of 
association for Ca 
2+ to the Cat+-specific site. 
The law fluorescence label incorporation (30%) in troponin C 
was not sufficient to keep the signal to noise ratio at an 
acceptable level for adequate signal detection and subsequent 
analysis. Further, the shift of only approx 0.1% free[Ca2+] fron 
the TnC. calcium solutions by 100atm pressure rise imposed a limit 
on the pressure jump method for measuring binding reactions. 
Reasons for not accomplishing binding measurements by 
temperature change have been reported by Kao & Tsien (1988). They 
indicated that the break-up of the label and/or protein due to 
sudden temperature increase may account for this. Another 
possible reason has been suggested by Rosenfeld & Taylor (1985a). 
These workers have proposed, contrary to Potter et al. (1977), 
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that the overall equilibrium constant of Ca2+ for TnC does not 
change with changes in temperature, which would make temperature 
jump experiments impossible to perform. 
The observations by steady state titration in this work 
showed a change in Kd with temperature and, therefore, 'support 
the results by Potter et al. (1977). The reason for obtaining 
ambiguous results fron temperature jumps is probably due to the 
break-up of the fluorescent label or photobleaching since a loss 




One aim of muscle biochemistry has been to describe the 
mechanics of muscle contraction in terms of the kinetics and 
energetics of the actcmyosin interaction. The known energetics of 
many intermediates in the contractile cycle have been used to 
construct a biochemically explicit model of the cross-bridge 
cycle (Eisenberg et al., 1980). Although the mechanism of 
contraction is not yet understood at molecular level, there has 
been considerable progress towards this aim in recent years. 
Studies by Eisenberg & Greene (1980) and Geeves et al. (1984) 
have suggested a model, in which a myosin head binds weakly to 
an actin filament, a conformational change in the protein complex 
occurs, translating the actin filament by 5nm to lünm, ending in 
a tight complex between actin and myosin, with myosin forming an 
acute angle with actin. However, a number of important questions 
remain unanswered and one of fundamental importance is the nature 
of the conformational change upon actomyosin binding. One 
approach that could answer this question is the identification of 
the state, in which myosin appears to be weakly bound to actin. 
Coates et al. (1985) have observed a weakly and a strongly 
bound acto. S1 state in their pressure jump studies and have shown 
that temperature, ionic strength and the presence of organic 
solvent had a marked effect on the two individual steps of the 
reaction. In this thesis the effect of these parameters have been 
examined in more detail in order to understand the nature of the 
reaction in each step. By using the differential effect of 
100 
various conditions it was possible to trap sane of the acto. Sl 
complex in the weakly attached state. Stabilizing this state may 
allow the determination of the acto. S1 structure in solution, 
which can be catpared to the strongly attached state and to 
structures identified in muscle fibres. Evidence of structural 
changes in muscle fibre has cane fron two different conformations 
observed under non-physiological conditions: a weakly bound state 
at low ionic strength relaxing solutions and a strongly bound 
rigor state (Brenner et al., 1982). This idea of two cross-bridge 
populations is caipatiable with many of the structural and 
mechanical properties of contracting muscle (Huxley & Kress, 
1985). 
The nature of the structural changes, however, remained 
undefined. It may involve the actcmyosin interface such that the 
two proteins "roll" past each other, a gross change in shape or 
size of a single myosin head or "melting" of part of the S2- 
coiled-coil as suggested by Harrington (1971). In this thesis 
the thermodynamics of the acto. Sl interaction have been examined 
in an attempt to ascertain the type of structural changes. 
Stabilizing the acto. S1 complex in the weakly attached state 
Different solvent conditions were employed in chapter 3 to 
trap the weakly bound acto. S1 state. Using different monovalent 
anions at low ionic strength (0.1M) and in the presence of 
organic solvents showed a negligible effect on the equilibrium 
constant (K0K1) of the weakly bound state. An equilibrium 
constant of approx 105 M-1 was observed, which is in agreement 
with results reported by Coates et al. (1985) for 0.1M 
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chloride. Increasing the concentration of acetate and possibly of 
proprionate to 0.5M and the presence of DMSO and ethylene glycol 
showed no significant change in KoK1. This is compatible with 
observations by Tregear et al. (1984) who have reported that 
organic solvents have a "stabilizing" effect on acto. Sl in the 
weakly bound state. However, the presence of chloride ions (and 
probably bromide and bicarbonate, since these anions gave similar 
indications) at concentrations well above O. 1M did destabilize 
the attached state by increasing the rate, at which the two 
proteins dissociated. There is no direct information to what this 
effect can be assigned to specifically. It could be due to a 
change in conformation of actin, Si or simply in the interaction 
between the two with no large scale structural change of either 
species (Harrington, 1971). A clue to these observations is given 
by Warren et al. (1966) and Stafford (1985) who have reported the 
same effectiveness of monovalent ions and ionic strength on 
myosin stability and interpreted their results with the removal 
of water fron the protein. 
Electrostatic interactions seem to play an important role in 
the association of actin and Si as the affinity of the complex 
and the rate constant of the association are dependent on ionic 
strength and solvents. As shown in chapter 3 the association rate 
constant decreased by a factor of 3-4 on increasing ionic 
strength and addition of organic solvents. The effect of these 
parameters on the association rate has previously been reported 
by White & Taylor (1976) and Konrad & Goody (1982) and was 
described as an ion-paired charge interaction. However, the 
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formation of the attached state is a ccmplex reaction and this 
effect on the formation of a collision complex can not be 
distinguished from the effect on the rate of transition to the 
attached state. Yet, these experiments have shown that increases 
in ionic strength (except for chloride, bromide and bicarbonate) 
or the addition of organic solvents have very little effect upon 
the weakly attached state and can hence be used to find 
conditions where the fraction of attached myosins in the "riqor- 
like" state can be reduced. 
The effect of different experimental conditions on the "rigor- 
like" acto. Sl state 
The effect of nbnavalent anions at high ionic strength and 
organic solvents on the acto. S1 iscmerizat. ion step was also 
investigated in chapter 3. Using pressure relaxation technique 
showed that ionic strength at 0.5M and the presence of 40% 
ethylene glycol or 20% DMSO decreased the equilibrium constant K2 
by a factor of 5-6 to a value of approx 20 (table 3.2). Under 
all these conditions more than 95% of the acto. S1 canplex 
remained in the "rigor-like" canplex, which did not allow for 
structural studies to be carried out of the two states. 
Previously, Geeves & Jeffries (1988) have shown that the 
weakly attached state of the acto. Sl is not affected by ADP but 
ADP markedly reduces the equilibrium constant K2 of the 
isanerization step. In chapter 4 different experimental 
conditions were used in the presence of nucleotide. Since the 
fluorescence of pyrene-labelled actin reports the isanerization 
step specifically (Coates et al., 1985), steady state experiments 
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were used for direct determination of the fraction of bound 
actin in the two states. Results in chapter 4 show that the 
combination of ionic strength and ADP reduced the stronqly 
attached state significantly (K2 approx 1.6; conditions: 0.5M 
KC1, hTM ADP, 20°C, pH 7), leaving approx 60% of the acto. S1 
complex in the "rigor-like" state. Complete occupancy of the 
acto. Sl complex in the attached state by this method was, 
however, limited by the high protein concentration and the weak 
binding of actin to Si. The decrease in K2 with increasing 
chloride concentration was much larger compared to acetate or 
proprionate concentration. Replacing chloride with acetate or 
proprionate in the presence of 1W ADP showed an approx 30 fold 
e. 3 an apprax 5 fold decrease in K2, respectively. This 
phenomenon was attributed to a specific chloride effect on the 
binding of nucleotide to the nucleotide binding site of S1 and 
was further investigated by stopped flow displacement experiments 
(chapter 4). Results, however, were inconclusive and a possible 
answer of the effect of chloride is given by the idea that 
acetate and proprionate are less effective in removing water fromm 
the macromolecules. Previously, Von Hippel & Wong (1962) have 
shown the degree of hydration of collagen decreases with 
increasing electrolyte concentration and monovalent anions of the 
order CH3000 < Cl < Br-. 
The evidence presented here support the view that major 
conformational changes occur in the acto. Si complex and that this 
conformational change is sensitive to the nucleotide bound to Si. 
Studies by Eccleston & Bayley (1980) and Shriver & Sykes (1981), 
using various methods have observed local changes in the 
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myosin. nucleotide and acto. Sl binding, respectively but no gross 
structural change of any one species was reported. It may be 
inferred that the overall conformation in this state is more 
ccncact than in the nucleotide-free AM state. Normally proteins, 
which take up canpact conformation are associated with a net 
increase in weak interactions within the molecule (e. g. hydrogen 
bonds, van der Waals contact, charge-charge interactions) that 
contribute to the enthalpy value (Bagshaw & Reed, 1976). 
Results in chapter 3 and 4 have shown that the differential 
effect of ionic strength, solvent and nucleotide can be used to 
increase the portion of actin bound myosin (Si) in the weak (A-M] 
state. Although these conditions have not stabilized most of the 
acto. S1 in the weakly attached state (< 60%), using the different 
parameters may allow for same studies to be carried out. Future 
work, e. g. could involve the use of PPi or ANp. PNP in an attempt 
to completely occupy the acto. Sl complex in the weakly attached 
State. 
Conformational changes associated with the formation of the 
weakly attached acto. Si coarplex 
it has been shown in chapter 3 that temperature affects the 
equilibrium constant KoK1 of the weakly attached state and the 
rate of association Kok+l markedly. The effect of temperature on 
the rate of acto. S1 binding has been well documented in the past 
(Trybus & Taylor, 1980; Marston, 1982; Griddle et al., 1985). 
Results fron experiments in chapter 3 showed that the rate of 
association of acto. S1 in 0.1M acetate was reduced similarly over 
a 20°C temperature range as observed in 0.1M chloride by Coates 
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et al. (1985). Plotting the rate constants against temperature in 
an Arrhenius graph indicated a break in the slope at approx 10°C 
(fig. 3.6). The thermodynamic data in table 3.5 showed large 
differences in entropy below and above the critical temperature, 
indicating some change in order of this reaction step. Sofar 
linear Arrhenius plots have been reported for acto. S1 binding in 
chloride buffer and structural transitions have been suggested 
because of the large temperature dependence of this reaction 
(Highsmith, 1977). Konrad & Goody (1982) have regarded the 
association of actin and myosin (Si) as an entropy-driven process 
and interpreted the entropy change with a less ordered water 
structure surrounding the proteins. The results presented here 
give support to the idea of a structural or phase change of the 
acto. Sl binding reaction. 
The association reaction of actin to Si was also examined by 
temperature jump method. A simple modification to a standard 
thermostated stopped flow machine was carried out, which allowed 
it to be used as a temperature jump apparatus. This apparatus, 
which is described in detail in chapter 5, has a sample size of 
300ul and can produce temperature jumps both above and below 
ambient temperature. Temperature jumps larger than 10°C were 
achieved in less than 150msec, which made it useful for the range 
of times for acto. Sl binding reactions to be measured. Results 
fron acto. Sl binding experiments in chapter 5 were in good 
agreement with data achieved in the stopped flow apparatus and in 
the pressure jump machine by Geeves & Halsall (1986) at 20°C and 
at 5°C in chapter 3. 
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Findings in chapter 3 and 5 support the idea that sane 
conformational change occurs in the acto. S1 binding reaction. The 
high temperature dependence of this reaction, the observation of 
a breakpoint in the Arrhenius plot and the thermodynamic data in 
table 3.5 suggest that this process is more ccaplex than a simple 
binding reaction. 
Conformational changes associated with the transition of acto. S1 
from the weakly to the "rigor-like" ccplex 
Analysis of the amplitudes of the pressure sensitive step K2 
allowed volume changes to be calculated (table 3.2) to obtain 
information of the conformational changes and thermodynamics 
involved. Results in chapter 3 indicated that high ionic 
strength and organic solvents caused a reduction in volume fron 
approx 100cm3/mol (0.1M KCl) to approx 50cm3/mol, which is 
probably be due to changes in water structure inferred by these 
parameters. Volume changes of this size imply a substantial 
rearrangement of the hydration sphere around the protein complex 
or the interface between the proteins (Gutfreund, 1972; Heremans, 
1982). This can be attributed to a conformational change in at 
least one of the two proteins or the contact area between them 
and since ionic, polar and hydrophobic groups interact with 
acto. S1, these have a strong influence on the volume (Kodama, 
1985). Hydrophobic interactions are of particular interest as 
they have a marked influence on the stability when macranolecules 
are interacting (Von Hippel & Schleich, 1969b). Although little 
is known about volume changes associated with the hydrophobic 
interactions. The transfer of non-polar molecules from non-polar 
107 
to polar surroundings results in a decrease of molar volume of 
the solute. It is believed that the hydrophobic hydration is a 
cooperative phenomenon, in which the exact microstructure of 
water is very important for the occupied volume. Changes in 
microstructure when two molecules associate in a hydrophobic 
interaction, however, is not particularly well understood (Ben- 
Naim, 1980). 
Several pieces of evidence suggest that the myosin head (Si) 
consists of at least two structural danains and the interaction 
of these danains appear to be altered upon binding to actin 
(Vibert, 1988; Vibert & Cohen, 1988). Results in chapter 3 can 
not give direct evidence that myosin (Si) undergoes a delocalised 
change of conformation. The source for thermodynamic changes 
seems to be displacement of water fron the surface areas of the 
two proteins that cane in contact during association. Charged 
and/or hydrophobic side chains are probably involved in the 
interaction. Borejdo (1983) mapped the hydrophobic sites of 
myosin and actin and results suggested that either hydrophobic 
interaction or actin binding are important to induce a shift in 
the macrostate. Studies by fluorescence resonance energy 
transfer (FRET) have also reported substantial conformational 
changes upon actin binding to Si but have given no direct 
information on where in the structure of actin or Si this change 
takes place (Trayer & Trayer, 1983; Bhandari et al. 1985; ). 
The effect of different temperatures on the equilibrium 
constant K2 of the acto. S1 ca Alex was also investigated in the 
search for clues of the type of conformational changes involved. 
The results in chapter 3 from pressure jump experiments (table 
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3.4) showed that temperature increased K2 by a factor of approx 2 
when decreased from 20°C to 2°C. Calculating the volume change 
for this to erature range fron amplitude changes of the pressure 
sensitive step K2 indicated a similar change in volume observed 
for high ionic strength and solvents (table 3.3). Kinetic methods 
give no direct information on the nature of the structural 
change, they do provide thermodynamic data, which can give an 
indication of the type of structural change. An important 
parameter for the discussion of pressure-temperature relationship 
is p V. As LV is tetcerature dependent, it also controls the 
pressure dependence of LS through the relationship; 
d(Q G) = -12 SxdT +Q Vdp 
Using above the equation and fran the Maxwell relation, the 
enthalpic contribution (more negative or less positive) becomes 
dominant in stabilizing the acto. S1 conformation when the volume 
changes with increasing temperature. This effect has been 
reported for other protein-protein interactions (Greaney & 
Sanero, 1979). Paladini & Weber (1981) explained this phenomenon 
with an increase of free volume or dead space between the 
associated protein subunits and the trapping of solvent at the 
interface between proteins. As shown in chapter 3 (Q H) 
becomes less positive with an increase in temperature, making 
(LIS) less positive at higher temperature. This can be attributed 
to diminishing water structure and protein conformational change 
(Eagland, 1975). 
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Correlation of biochemical and mechanical events 
As previously discussed by Coates et al. (1985) and also 
shown in chapter 3 high pressure reduces the equilibrium constant 
K2 of the isa erization step by a factor of 1.5 - 2. If this step 
is the molecular basis of force generation then a reduction in 
tension in muscle is predicted. Fortune et al. (1989) have used 
pressure perturbation method on muscle fibre and observed a 
depression on maximally Ca 
2+ 
activated skinned fibres at high 
pressure. Geeves & Ranatunga (1990) monitored a pressure-induced 
decrease in tetanic tension of intact fibres. These findings are 
compatible with the model of Geeves et al. (1984), which 
suggested that the isanerization is closely linked to the tension 
generating event in muscle fibre. The change in sensitivity in 
the fibre system to increases in hydrostatic pressure is 
consistent with the step identified in solution (Coates et al. 
(1985); chapter 3). This suggests that hydrostatic pressure is 
principally perturbing the transition between the attached cross- 
bridge and a rigor-like tension-bearing state in fibre systems. 
If the transition fron the "attached" to the "rigor-like" 
conformation of the acto. S1 is closely linked to the power stroke 
of the cross-bridge (Geeves et al., 1984) and solvents and high 
ionic strength reduce K2 of the isomerization step in solution as 
demonstrated in chapter 3 then an effect on the tension in muscle 
is also expected. Previous observations by Galati & Babu (1982) 
have demonstrated that an increase in KC1 concentration causes a 
decrease in isometric tension generation in skinned fibres. 
Clarke et al. (1980) published data that the presence of 50% 
ethylene glycol decreased rigor tension in insect flight muscle. 
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These results support the idea that changes identified in the 
transition step in solution can be correlated to changes in 
tension generation in muscle fibre. 
Results in chapter 6 have indicated that high pressure does 
not affect calcium binding to troponin C in solution 
significantly. Under the assumption that the effect of pressure 
on TnC is no different in muscle fibre, this would imply that 
the increase in twitch tension observed by Geeves & Ranatunga 
(1990) upon pressurisation cannot be due to changes in calcium 
affinity to the regulatory proteins. The augmentation of twitch 
tension at high pressure can, therefore, be the result of either 
the release of calcium fron the sarcoplasmic reticulum or due to 
a shift in the inhibitory function of the regulatory proteins. 
The idea of calcium release fran the sarcoplasmic reticulum at 
1OMPa pressure rise can be tested e. g. by injecting TnCDNZ into 
muscle fibres. The shift in the inhibitory function of the 
(actin) 7 Tn/Tn unit at 
high pressure can also be evaluated, using 
the results presented in chapter 6. 
Fortune et al. (1989) and Geeves & Ranatunga (1990) have both 
observed that pressure induced a decrease in maximally calcium- 
activated tension in skinned muscle fibre and in tetanic tension 
in intact muscle fibre, respectively. This effect has been 
interpreted as the consequence of a specific effect of pressure 
on cycling cross-bridges. Results presented in chapter 6 have 
shown that not only the binding of calcium to ThC (< 3%) but also 
the binding of calcium to DGTA (< 1%) is insignificantly affected 
by high pressure. This observation would, therefore, allow 
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pressure perturbation experiments to be performed in skinned 
muscle fibre at low calcium concentration, using X[7 buffers 
with no perturbation of the free[Ca2+J. If, under these 
conditions pressure perturbation causes a tension increase, then 
this is likely be due to a shift in the inhibitory function of 
the regulatory proteins. 
CCNCIiJSICN 
Although the experimental approach of the study of purified 
acto. Sl in solution compared to muscle fibres is different, the 
correlation of biochemical findings to in vivo observations gives 
support of the two step binding model proposed by Geeves et al. 
(1984). It has been shown that conformational changes occur upon 
the binding of acto. Sl to form the weakly attached state and that 
the transition between this state and the "rigor-like" state 
involves structural changes sufficient to account for the force 
generating event. The various experimental conditions, which 
influence the transition in solution also affect force 
generation. However, for this transition to be fully identified 
as the force generating event, it must be coupled with the ATP 
product release. Solution studies have given little direct 
information sofar on the acto. S1 ADP. Pi state as a result of 
minimal binding of phosphate to the complex (Sleep & Hutton, 
1980). Isotope exchange experiments have provided a method of 
monitoring this step in solution and sofar limited information on 
an intact system has been obtained (Webb et al., 1986). 
Correlation of these findings in solution and intact muscle are 
the ultimate test of this model. 
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The potential of pressure relaxation method for the study of 
acto. Sl in solution has been demonstrated in this work and its 
application to measure cross-bridge events in muscle fibre has 
been referred to. This perturbation method not only provided 
information about rates of acto. S1 interaction but also gave 
indications of volumetric behaviour of these proteins. From the 
concentration dependence of the specific volume, information was 
obtained on the protein-protein interactions. The amplitudes of 
displacement from equilibria at different reactant concentrations 
and at different temperature changes were used to calculate 
equilibrium constants and thermodynamic parameters, respectively, 
which provided clues of structural changes. All this information 
proved valuable in the elucidation of the acto. Sl binding 
mechanism and make this method a powerful tool. Since the 
understanding of mechanical force on molecular level remains a 
major aim of muscle research, perturbation method used on 
isolated proteins in solution and on muscle fibres can, 
therefore, make a valuable contribution towards this aim. Using 
this technique, several challenging questions to date could be 
addressed and results could be correlated with findings in muscle 
fibres; e. g. the cooperative behaviour of the (actin) 7 Th/Tm unit 
in the presence of calcium. The elucidation of the overall 
mechanism could give an answer, at which step Mn/Tn affects the 
actin binding, ATPase rate and subsequent Pi-release; or the 
possibility of the cooperative binding of the two heads of Si 
(H! 1) to actin. The difference in behaviour of the two heads in 
the kinetic ATP-cycle could have significant consequences on 
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isanetric tension in muscle fibre. 
Having shown in this thesis that conformational changes do 
occur upon binding of actin to Si to form the weakly attached 
state followed by changes to form the rigor-like state, future 
work could involve e. g the use of rapid-freeze-etching methods to 
observe these conformational changes in a high resolution 
electron microscope. Although the different experimental 
treatments have not achieved complete occupation of the weakly 
attached state, using this method could allow for studies of the 
two interacting proteins to be carried out and results could be 
compared with published data on whole muscle fibre. 
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APPENDIX 1 The ratio of perturbation amplitude for the two-step 
binding reaction 
Consider the reaction: 
K1 K2 
A+ B '--ý C ý----r D 
If "i" denotes initial concentrations and "f" the concentration 
after the perturbation then the equilibriun constants K1 and K2 








K2' = c1 (3) Kf = Cf 
(4) 
if A represents the change in concentration upon perturbation 
then: 
Ci = Cf +4C (5) Dl = Df +QD (6) 
coining 1,2 and 5 then: 
Cf +4C = (K1f +6 K) (Af +dA) (Bf +toB) 
if the product of tuv d terms is negligible, and aB=, a C then: 
QC =K1f QA (Af+Bf) +ßK1fAfBf f7) 
similary, crnhbining 3,4 and 6: 
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aD= aCK2f + CfL\K2f (8) 
conserving A, 
AA +LC +QD =o 
fron 8 
AA + AC + QCK2f + OCfAK2f =0 
using expression (7) then: 
-QA 
6K1AfBf (1+K 21) + Cf AK2f 
= (9) 
1+ KI (A + B) (1+ K2 ) 
(7) and (9) gives: 
K fAfBf -C 4K 
fK f (Af + Bf ) 
dCQ1fff21f (10) 
1+ K1 (A f B) ( 1+K2 ) 




fAfBf + Cf Q K2 (1+K2(Af+Bf)) 
D= 
1+K1f (Af + Bf) (1+K2f) 
if Q K1 is zero, that is, pressure only perturbs the second 
reaction then: 
C4K2f (1+K 1 
(Af+Bf)) 
QD= 
1+ KIf(Af + Bf)(1+K2) 
This equation describes the change in amplitude of D, this is 




The slow phase is then the total amplitude minus the fast phase: 
CAK2fK f 
(1+K2) ( 1+K1f) (Af + Bf)(1+K2f) 
the ratio of the two phases is then: 
1+ K1f (Af+Bf) (1+K2f) 
K2 
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APPENDIX 2 Determining the K,, for metal-indicator complexes 
For 1: 1 MMetal: Indicator binding 
The dissociation constant for a metal-indicator canplex (Kd) was 
estimated from a plot of [metal] vs. [metal]/AA, where 4A is the 
molar absorbance change of the indicator upon addition of the 
metal. 








[indicator-] f= [indicator]t - 
[metal-indicator] ... (2) 
Where (indicator ]f and [metal ]f are the concentrations of 
indicator and metal free in solution, and [indicator] t and 
[metal] t are the total concentrations of 
indicator and metal, 
i. e. free plus bound. Substituting for (indicator-] f fron (2) 
into (1) gives: 
Kd = 
[metal] ([indicator] [metal-indicator]) 
... (3) [metal-indicator] 
The [metal-indicator] is directly related to the absorbance 
change by the Lambert-Beer-law 
[metal-indicator] =Q A/ E 
when the cell path length is Ian and E the molar absorption 
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coefficient. For low indicator concentrations the concentration 
of metal bound will be low and [metal] f -=- [metal] t. 
Making this assumption and substituting for [metal-indicator] in 






Therefore frcnn a plot of [metal] t vs. [metal] t/v A the Kd for the 
complex can be obtained fran the negative intercept of the 
ordinate. 
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APPENDIX 3 Canputer prog ramme written by Dr. D. J. Halsall for 
the determination of volume changes 
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